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Preface 


The firsi edilion of this book was published in 1980 under the title Automation, Produc- 
tion Systems, and Computer-A ided Manufacturing. A revision was published in 198 1 with 
about 200 more pages and a slightly different title: Automation, Production Systems, and 
Computer Integrated Manufacturing.Thc additional pages expanded the coverage of top- 
tes like induslrial robotics.programntable logic controllers, material handling and storage, 
and quality control. But mueh of the book was very similar lu tbe 1980 lext. By the time 1 
started work on the current volume (technically the sccond edition of the 1987 titlc. but in 
faet the third generation of ihc 1980 publicalion).it was clear that the book was in need of 
a thorough rewriting. New technologies had been developcd and existing technologies had 
advanced.ncw theories and methodoingies had emer ged in the research literature.and my 
own understanding of automation and production systems had grown and matured (at 
leasl I think so). Readers of the two previous books will find this new volume lo be quite 
different trom its predeccssors. Its organization is significantly clianged, new topies have 
been added. and some topics from the previous editions have been disearded or reduced 
in coveragc. It is not an exaggeration to say that the enlire tcxt has been rewrittcn (read¬ 
ers will find very few instanccs where 1 have used ilte same wording as in the previous edi¬ 
tions). Nearly all of Ilte figures are new. It is esscntially a new book. 

Thcrc is a risk in ehanging the book so mueh. Both of the previous editions have been 
very successful for Prentice Hall and mc. Many instructors have adopted ilte book and have 
becomc accustomcd to its organization and coverage. Many courses have been developed 
based on the hook. What will these insiructors think of the new edition, with all of its new 
and different features? My hope is that they will try out the new book and find it to be a 
significant improvemeni over the 1987 edition, as well as any other textbook on the subjeet. 

Spccificallv, what are the changes in this new edition?To begin with, the organization 
has been substantially revised. Folio wing two introduetory chapters,the book is organized 
into live main parts: 

I. Automation and control technologies: Six chapters on automation, industrial com¬ 
puter control.control system componcnts.numerical control, industrial robotics.and 
program mable logic controllers. 

II. Material handling technologies: Kour chapters eovering conventional and automat¬ 
ed material handling systems (e.g.. conveyor systems and aulomatcd guided vehiele 
systems), conventional and automated storage systems, and automatic identification 
and data capture. 

III. Manufacturing systems: Seven chapters on a manufacturing systems taxonomy, sin¬ 
gle station cells. group tcchnology. flcxible manufacturing systems, manual assemblv 
lines, transfer lines, and automated assembly. 
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IV. Quality conirol systems: Four chapters covering quality assurance, statistica) process 
control. inspection principles, and inspection technologies (e.g..coordinate measur- 
ing machines and machine vision). 

V. Manufacturing support systems: Four chapters on product design and CAD/CAM, 
process pianning, production planning and control. and lean production and agile 
manufacturing. 

Otherchanges in organization and coverage in the current edition, compared with the 
1987 book, include: 

• Expanded coverage of automation fundamentals, numerical control programming, 
group technology, flexible manufacturing systems, material handling and storage, 
quality control and inspection. inspection technologies. programmable logic 
controllers. 

• New chapters or sections on manufacturing systems, single station manufacturing 
systems, mixed-model assembly line analysis, quality assurance and statistical process 
control, Taguchi methods, inspection principles and technologies, concurrent engi 
neering, automatic Identification and data collection, lean and agile manufacturing. 

« Consolidation of numerical control into one chapter (the old edition had three 
chapters). 

• Consolidation of industrial robotics into one chapter (the old edition had three 
chapters). 

• The chapters on control systems have been completely revised to retlect current in- 
dustry practice and technology. 

• More quantitative problems on more topics: nearly 400 problems in the new edition, 
which is almost a 50% inerease over the 1987 edition. 

• Historical notes describing the development and historical background of many of the 
automation technologies. 

With all of these changes and new features, the principle objective of the book remains 
the same. It is a textbook designed primarily for engineering students at the advanced un- 
dergraduatc or beginning graduatc levels. It has the characterislics of an engineering lext- 
book: equations, example problems, diagrams, and end-of-chapter exercises. A Solutions 
Manual is available from Prentice Hall for instructors who adopt the book. 

The book should also be useful for practicing engineers and managers who wish to 
leam about automation and production systems technologies in modern manufacturing. In 
several chapters, applicatkm guidelines are presented to help readers decide whether the 
particular technology may be appropriate for their operations. 
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Introduction 


CHAPTER CONTENTS 

1.1 Production System Faci lities 

1.1.1 Low Quantity Production 

1.1.2 Medium Quantity Production 

1.1.3 High Production 

1.2 Manufacturing Support Systems 

1.3 Automation in Production Systems 

1.3.1 Automated Manufacturing Systems 

1.3.2 Computerized Manufacturing Support Systems 

1.3.3 Reasons for Automating 

1.4 Manual Labor in Production Systems 

1.4.1 Manual Labor in Factory Operations 

1.4.2 Labor in Manufacturing Support Systems 

1.5 Automation Principles and Strategies 

1.5.1 USA Principle 

1.5.2 Ten Strategies of Automation and Production Systems 

1.5.3 Automation Migration Strategy 

1.6 Organisation of the Book 

This book is about production systems that are used to manufacture products and the parts 
assemblcd into those products.The production system is the collection of people, equipmenl, 
and procedures orgonizcd to accomplish the manufacturing operations of a coinpany (or 
other organization). Production systems can be divided into two categories or ievels as in- 
dicatcd in Ftgure 1.1: 
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Figure LI The production system 
eonsisis of facililies and manufacturing 
support systems. 


1. Facilities. The facilities of the production system consist of thc factory, the cquipment 
in the factory, and the way the equipmcnt is organized. 

2. Manufacturing support systems. This is the set of procedures used by the company to 
managc production and to solve the technicat and logistics problems encountered in 
ordering materials, moving work through the factory. and ensuring that products meel 
quality standards. Product design and certain business functions are included amoug 
the manufacturing support systems. 

In modem manufacturing operations, portions of the production system are auto¬ 
mater! and'or computerized. However. production systems include people. People make 
these systems work. In general, direel labor people (blue collar workers) are responsible for 
operating the facilities, and professional staff people (white collar workers) are responsi¬ 
ble for the manufacturing support systems. 

In this introductory chapler, wc consider these two aspects of production systems 
and how they are sometimes automated and/or computerized in modern industrial prac- 
tice. In Chapter 2, we examine the manufacturing operations that the production systems 
are intended to accomplish. 


1.1 PRODUCTION SYSTEM FACILITIES' 

The facilities in the production system are the factory. production machines and tooling, ma- 
terial handling equipment, inspection equipment. and the computer systems that control 
the manufacturing operations. Facilities also include the plant layout, which is the way the 
equipment is physically arranged in the factory. The equipment is usually organized inlo 
logical groupings, and we refer to these equipment arrangements and the workers who op¬ 
erate them as the manufacturing systems in the factory. Manufacturing systems can be in- 
dividual work cells, consisting of a single production machine and worker assigned to that 
machine. We more commonly think of manufacturing systems as groups of machines and 
workers, for example, a production line. The manufacturing systems come in direct physi- 
cal contact witb the parts and/or assemblies being made. They “touch” the product. 

A manufacturing company attempts to organize its facilities in the most efficient way 
to serve the particular mission of that plant. Over the years, certain types of production fa¬ 
cilities have come to be recognized as the most appropriate way to organize for a given type 
of manufacturing. Of course, one of the most important factors thai determine the type of 
manufacturing is the type of products that are made. Our book is concemed primarily with 

1 Portions ot this section are based on M. R Groo ver. Fundamental* of Modem Manufacturing: Materials, 
Processes. and Systems |2]. 
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the production of discrcte parts and products,compared with products that are in liquid or 
bulk form, such as Chemicals (we examine the distinetion in Section 2.1). 

If we limit our discussion to discrete products. the quantity produced by a factory has 
a very significant influence on its facilities and the wav manufacturing is organized. Pro¬ 
duction quantity refers to the number of units of a given part or produei produced annu- 
ally by the plant.The annua) part or product quanlities produced in a given lactory can be 
classitied into three ranges: 

1. Low production: Quantities in the range of 1 to 100 units per year. 

2. Medium production: Quantities in the range of 100 to 10,000 units annually. 

3. High production: Production quantities are 10,000 to millions of units. 

The boundaries between the three ranges are somewhst arbitrary (author's judgmem). 
Depending on the types of products we are dealing with. these boundaries may shift by an 
order of magnitude or so. 

Some plants produce a variety of different product types, each type being made in low 
or medium quantities. Other plants specialize in high production of only one product type. 
It is instructive to identify product variety as a parameter distinet from production quan¬ 
tity. Product variety refers to ihe different product designs or types that are produced in a 
plant. Different products have different shapes and sizes and styles: they perform different 
funetions: they are sometimds intended for different markets; some have more compo- 
nents than others; and so forth. The number of different product types made cach year can 
be counted. When the number of product types made in a factory is high. this indicates 
high product variety. 

There is an inverse correlation between product variety and production quantity in 
terms of factory operations. When product variety is high, production quantity tends to be 
low: and vice versa. This relationship is depicted in Figure 1.2. Manufacturing plants tend 
to specialize in a combination of production quantity and product variety that lies some- 
where inside the diagonal band in Figure 1.2. In general, a given factory tends to be limit- 
ed to the product variety value that is correlated with that production quantity. 



Figure 1.2 Relationship between product variety and production 
quantity in discrete product manufacturing. 
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Although wc have identified product variety as a quantitativc parameter (the num- 
ber of different product types made by the plant or conipany), this parameter is mueh less 
exact than production quantity is, because details on how mueh the designs differ are not 
capturcd simply by the number of different designs.The differences between an automo¬ 
bile and an air conditioner are far greater than between an air conditioner and a heat pump. 
Products can be different, but the extent of the differences may be small or great.The au- 
tomotive industri provides sirnic examples to illustrate this point. Each of the U.S. auto- 
motive eompanies produces cars with two or three different nameplates in the same 
assembly plant,although the body styles and other design features are nearly the same. In 
different plants. the same auto company builds heavy trucks. Let us use the terms "hard’' 
and “soft" to describe these differences in product variety. Hard product variety is when the 
products differ substantially. In an assemblcd product, hard variety is characterized by a low 
proportion of common parts among the products; in many cases, there are no common 
parts. The difference between a car and a truck is hard .Soft product variety is when there 
are only small differences between products. such as the differences between car models 
made on the same production line. There is a high proportion of common parts among as¬ 
semblcd products whose variety is soft.The variety between different product categories 
tends lo be hard: the variety between different models within the same product category 
tends lo be soft. 

We can usc the three production quantity ranges to identify three basic categories of 
production plants. Although there are variations in the work organization within each cat 
egory, usually depending on the amount of product variety. this is nevertheless a reason 
able way to classify factorics for the purpose of our discussion. 

1.1.1 Low Quantity Production 

The type of production facility usually associated with the quantity range of 1 to 100 
units/yenr is the job shop, which makes low quantities of speciatized and customized prod¬ 
ucts. The products are typically complex, such as space capsules, aircraft, and special ma- 
chinery. Job shop production can also include fabricating the component parts for the 
products. Customer orders for these kinds of items are often special, and repeat orders 
may never occur. Equipmenl in a job shop is general purpose and the labor force is high¬ 
ly skilied. 

A job shop must be designed for maximum flexibiiity to deal with the wide part and 
product variations encountered (hard produel variety). If the product is large and heavy, 
and therefore difficult tomove in the factory.it typically remains in a single location, al least 
during ils final assembly. Workers and processing equipment are brought to the product, 
rather than moving the product to the equipment.This type of layout is referred to as a 
fixed-pvsitirm layout, shown in Figure 1.3(a). In the pure situation, the product remains in 
a single location during its entire fabrication. Examples of such products include ships, air¬ 
craft, railway locomotives, and heavy machinery. In actual praclice, these items are usuai- 
ly built in large modules at single locations, and then the compleled modules are brought 
togetherfor final assembly using large-capacity cranes. 

The individual parts that comprise these large products are often made in factories 
that have a process layout, in which the equipment is arranged according to funetion or 
type. The lathes are m onedepartmeni, the milliiigmachines are in another department, 
and so on, as in Figure 1.3(b). Different parts, each requiring a different operation sequence. 
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Figure 1.3 Various types of plant layout: (a) fixed-position layout, 
(b) process layout, (c) cellular layout, and (d) product layout. 


are routed through the departments in the particular order needed for their processing, usu- 
ally in batches. The process layout is noted for its flexibifity; it can accommodate a great 
variety of alternative operation sequences for different part configurations. Its disadvan- 
tage is that the machinery and methods to produce a part are not designed for high effi- 
cicncy. Much material handling is required to move parts between departments, so 
in-process inventory can be high. 




Chap. 1 / Introduct 


1.1.2 Medium Quantity Production 

ln the medium quantity range (100-10.000 units annually), we disiinguish between two 
different types of facility, depending on product variety. When product variety is hard. the 
traditional approach is batch production, in which a batch of one product is made, afler 
which the facility is changed over to produce a batch of the next product, and so on. Or¬ 
dets for each product are frequenilv rcpcated-The production rate of Ihc equipment is 
greater than the demand rate for any single product type.and so the same equipment can 
be shared among multiple products. The changenver hetween production runs takes time. 
Called the setup time or changeover time. it is the time to change tooling and to set up and 
reprogram the machinery. This is lost production time. which is a disadvantage of batch 
manufacturing. Batch production is commouly used in make-to-stock situations, in which 
items are manufacturcd to replenish inventory ihat has been gradually depletcd by de¬ 
mand. The equipment is usually arranged in a process layout, t-igurc l.3(b). 

An alternative approach to medium range production is possible il product variety 
is soft. In this case.cxtensive changeovers between one product stylc and the next may not 
be required. lt is often possible to configure the equipment so thai groups of similar paris 
or products can be made on the same equipment withoul significant lost lime for 
changeovers. The processing or assembly of different parts or products is accomplished in 
cells eonsisting of several workstations or machincs. The term cellular manufacturing is 
often associated with this type of production. Each cell is designed to produce a limited va¬ 
riety of part configurations: that is. ilie celJ spccializes in the production of a given set of 
similar parts or products, according to the principles of group teclinology (Chapter 15). 
The layout is called a cellular layout, depicted in Figurc 1.3(c). 

1.1.3 High Production 

The high quantity range (10,000 to millions of units per year) is often referred to asmws 
production. The situation is charactericed hy a high demand rate for the product,and the 
production facility is dedicated to the manufaclure of that product. Two categoriesof mass 
production can be distinguished'. (1) quantity production and (2) flow line production. 
Quantity production in volves the mass production of single parts on single pieces of equip¬ 
ment. The method of production typically involves standard machincs (sueli as stamping 
presses) equipped with special tooling (e.g.. dies and material handling devices), in effeet 
dedicating the equipment to the production of one part type. The typical layout used in 
quantity production is the process layout. Figure 1.3(b). 

Flow line production involves multiple workstations arranged in sequence, and the 
parts or assemblies are physically moved through the sequence to complete the product. 
The workstations consist of production machines and/or workers equipped with special- 
ized tools. The collection of stations is designed specifically for the product io maximize ef- 
ficieney. The layout is called a product layout, and the workstations are arranged into one 
long line, as in Figure 1.3(d), or into a series of connectcd line segments The work is usu¬ 
ally moved between stations by powered conveyor. At each station, a small amounl of the 
total work is completed on each unit of product. 

The most fami liar example of flow line production is the assembly line, associated with 
products such as cars and household appliances. The pure case of flow line produciion is 
where chere is no variation in the products made on the line. Every product is identical,and 
the line is referred to as a single model production line. However, to successfuily market a 
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Figure L4 Types of facilities and layouts uscd for different levels of 
production quantitv and product variety. 


given product. it is often nccessary lo introduce model variations so that individual cus- 
tomers can choose the exact style and options that appeal to them. From a production 
viewpoint, the model differences represent a case of soft product variety, The term 
mixed-model production line applies to those situations where there is soft variety in the 
Products made on the line. Modern automobile assembly is an example. Cars coming off 
the assembly line have variations in options and trim repiesenting different models (and, 
in many cases, different nameplales) of the same basic car design. 

Much of our discussion of the types of production facilities is summarized in Figure 
1.4, which adds detail to Figure 1.2 by identifying the types of production facilities and plant 
layouts used. As the figure shows, some overlap exists among the different facility types. 


1.2 MANUFACTURING SUPPORT S YSTEMS 

To operate the production facilities efficiently.acompany must organize itself to design the 
processes and equipment, plan and control the production orders. and satisfy product qual- 
ity requirements. These funelions are accomplished by manufacturing support systems - 
people and procedures by which a company manages its production operations. Most of 
these support systems do not direetly contact the product, but they pian and control its 
progress through the factory. 

Manufacturing support involves a cycle of information-processing activities,as illus- 
trated in Figure 1.5. The production system facilities described in Section 1.1 are pictured 
in the center of the figure.Thc information-processing cycle, represented by the outer ring, 
can be described as consisting of four funetions: (1) business funetions, (2) product design, 
(3) manufacturing planning, and (4) manufacturing control. 

Business Funetions. The business funetions are the principal means of commu- 
nicating with the customer.They arc, therefore, the oeginning and the end of the informa¬ 
tion-processing cycle. Included in this category are sales and marketing, sales forecasting, 
order entry, cost accounting,and customer billing. 
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Kigure 1J The information-proccssing cycle in a typical manufac¬ 
turing firm. 


The ordcr to produce a product lypically originates from the customer and proceeds 
into the company through the sales and marketing department of the firm. The production 
order will be in one of the following forms: (1) an order to manufacture an item to the cus- 
tomer'sspecifications,(2) a customer order to buy one or more of the manufacturer s pro- 
prietary products, or (3) an internal company order based on a forecast of future demand 
for a proprietary product. 

Product Design. If the product is to be manufactured to customer design, the de¬ 
sign will have been provided by the customer.The manufacturer’s product design depart¬ 
ment will not be involved. If the product is to be produced to customer specifications, the 
manufacturer's product design department may be contracted to do the design work for the 
product as well as to manufacture it. 

If the product is proprietary. the manufacturing firm is responsible for its development 
and design. The cycle of events that initiates a new product design often originates in the 
sales and marketing department; the information flow is indicated in Figure 1.5. The de- 
partments of the firm that are organized to accomplish product design might include re¬ 
search and development, design engineering, drafting, and perhaps a prototype shop. 

Manufacturing Planning. The information and doeumentation that constitute the 
product design ftows into the manufacturing planning function.The in form at ion-process¬ 
ing activities in manufacturing planning include process planning. master scheduling, re- 
quirements planning, and capacity planning. Process planning consists of determining the 
sequence of individual processing and assembly operations needed to produce the part.The 
manufacturing engineering and industrial engineering departments are responsible for 
planning the processes and related tedmical details. 

Manufacturing planning includes logistics issues, commonly known as production 
planning. The authorization to produce the product must be translated into the master 
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production Schedule.The master production scheduk is a listing of the producls to be made, 
when thcy arc to be delivered. and in what quantities. Months arc traditionally used to 
specify deliveries in the master schedulc. Based on this scheduk, the individual compo- 
nenls and subassemblies that make up each product must be planned. Raw materials must 
be purchascd or rcquisitioncd from storage, purchased parts must be ordered from sup- 
pliers. and all ol these items must be planned so that thcy are available when needed.This 
entire lask is called material reqttirements plaming. In addition, the master Schedule must 
not list more quantities of products than the factorv is capable of producing each month 
with its given numbci of macliines and manpower. A funetion called capacity planning is 
coneemed with planntng the manpower and machine resources of the firm. 

Manufacturing Control. Manufacturing control is concerned with managing and 
controlling the physical operations in the factory to implement the manufacturing plans. 
The flow of information is from planning to control as indicated in Figure 1.5. Information 
also flows back and forth between manufacturing control and the factory operations. In- 
cludcd in the manufacturing control funetion are shop floor control, inventory control, and 
quality control. 

Shop floor control deals with the problem of monitoring the progress of the product 
as il is being processed, assembled, moved, and inspected in the factory. Shop floor control 
is conccrncd with inventory in the sense that the materials being processed in the factory 
are work-in-process inventory. Thus. shop floor control and inventory control overlap to 
some extent. Inventory control attempts to strike a proper balance between the danger of 
too litlle inventory (with possible stock-outs of materials) and the carrying cost of too 
mtich inventory. lt deals with such issues as dcciding the right quantities of materials to 
order and when to reordcr a given item when stock is low. 

The mission of quality control is to ensure that the quality of the product and its com- 
ponents mee; the standards specified by the product designer. To accomplish its mission, 
quality control depends on inspection activitics performed in the factory at various times 
during the manufacture of the product. Also. raw materials and component parts from out- 
side sources arc sometimes inspected when thcy are rcceived. and final inspection and test¬ 
ing of the finished product is perlormed to ensure functional quality and appearance. 


1.3 AUTOMATION IN PRODUCTION SYSTEMS 

Some elements of the firm’s production system are likely to be automated, whereasoth- 
ers will be operated manually or dcrically. For our purposes here, automation can be de- 
fined as a technology concerned with the application of mechanical, electronic, and 
computcr-based systems to operate and control production. 

The automated elements of the production system can be separated into two cate- 
gories: (1) automation of the manufacturing systems in the factory and (2) computerization 
of the manufacturing support systems. In modern production systems, the two categories 
overlap to some extent. because the aulomated manufacturing systems operating on the fac¬ 
tory floor are themselves oflcn implemcnted by computer systems and connected to the 
computcrized manufacturing support systems and management information system oper¬ 
ating at the plant and Enterprise leveis. The term computcr-intcgrated manufacturing is 
used to indicate this extensive use of computers in production systems. The two categories 
ol automation are shown in Figure 1.6 as an overlay on Figure 1.1. 
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Figure 1.6 Opportunities of automation and computerization in a 
ptoduction system. 

1.3.1 Automated Manufacturing Systems 

Automated manufacturing systems opera te in the factory on the physical product.They per¬ 
form operations such as processing, assembly. inspection, or material handling, in some 
cases accomplishing more than one of these operations in the same system. They are called 
automated because they perform their operations with a reduced level of human partici¬ 
pation compared with the corresponding manual process. In some highly automated sys¬ 
tems, there is virtually no human participation. Examples of automated manufacturing 
systems include: 

• automated machine tools thai process parts 

• transfer lines that perform a series of machining operations 

• automated assembly systems 

• manufacturing systems that use industrial robots to perform processing or assem¬ 
bly operations 

• automatic material handling and storage systems to integrate manufacturing operations 

• automatic inspection systems for quality control 

Automat ed manufacturing systems can be classified into three basic types (for our pur¬ 
poses in this introduction; we explore the topic of automation in greater depth in Chapter 3): 
(1) fixed automation. (2) piogrammable automation, and (3) flexible automation. 

Fixed Automation. Fixed automation is a system in which the sequence of pro¬ 
cessing (or assembly) operations is fixed by the equipment configuration. Each of the op¬ 
erations in the sequence is usually simple, involving perhaps a plain linear or rotational 
motion or ar uncomplicated combination of the two; for example, the feeding of a rotat- 
ing spindle. It is the integration and coordination of many such operations into one piece 
of equipment that makes the system complex.Typical features of fixed automation are: 

• high initial investment for custom-engineered equipment 

• high production rates 

• relatively inflexible in accommodating product variety 

The economic justification for fixed automation is found in products that are produced in 
very large quantities and at high production rates. The high initial cost of the equipment 
can be spread over a very large number of units, thus making the unit cost attractive com- 
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pared with alternative methods of production. Exaraples of fixed automation include ma- 
chining transfer lines and automalud assembly machines. 

Programmable Automation. In programmable automation, the production equip- 
menl is designed with the capabilily to ehange the sequencc of operations to accommodate 
different product configurations.The operation sequencc is controlled by a program, which 
is a set of instructions coded so that Ihcy can be read and interpreted by the system. New 
programs can bc prepared and entered into the equipment to produce new products. Some 
of the teatures that characterue programmable automation include: 

• high investment in general purposc equipment 

• lowcr production rates than fixed automation 

• flexibilily lo deal with variations and changes in product configuratioil 

• most suilable for batch production 

Programmable automalcd production systems arc used in low- and mcdium-volume pro¬ 
duction. The parts or products are typically made in batches. To produce each new batch 
of a different product. the system must be reprogrammed with the set of machine instruc¬ 
tions that corrcspond to the new product.The physical setup of the machine must also be 
changed: lools must bc loaded. fixtures must be atlached to the machine table, and the re- 
quired machine settings must be entered. This changeover procedure takes time. Conse- 
qucntly, the typical cycle for a given product includes a period during which the setup and 
reprogramming takes place. followed by a period in which the batch is produced. Etcam- 
plesof programmable automation include numerically controlled (NC) machine tools,in¬ 
dustrial robots, and programmable logic controllers. 

Flexible Automation. Flexible automation is an extension of programmable au¬ 
tomation. A flexible automalcd system is capable of producing a variety of parts (or prod- 
uels) with virtually no time lost for changeovers from one part style to the next. There is 
no lost pioduction lime while reprogramming the system and altering the physical setup 
(tooling, fixtures.machine settings). Conscquently.the system can produce various combi- 
nations and schedules of parts or products instead of requiring that they be made in batch¬ 
es. Whai makes flexible automation possible is that the differences between parts processed 
by the system arc not significanl. Il is a case of soft variety, so that the amount of changeover 
required between styles is minimal. The features of flexible automation can be summa- 
rizcd as follows: 

• high investment for a custom-engineered system 

• continuous production of variable mixtures of products 

• medium production rates 

• flexibility to deal with product design variations 

Eixamples of flexible automation are the flexible manufacturing systems for perfonning 
machining operations that date back to the late 1960s. 

The relative positions of the three types of automation for different production vol- 
umes and product varicties are dcpicled in Figurc 1.7. For low production quantities and 
new product iniroductions, manual production is competitive with programmable au¬ 
tomation.as we indicate in the figure and discuss in Section 1.4.1. 
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Figure L7 Three types of automation relative to production quan- 
tity and product variety. 


1.3.2 Computerized Manufacturing Support Systems 

Automation of the manufacturing support systems is aimed at reducing the amount of 
manual and clerical effort in product design, manufacturing planning and Control, and the 
business functions of the firm. Nearly all modern manufacturing support systems are im- 
plemented using computer systems. Indeed, computer technology is used to implement 
automation of the manufacturing systems in the factory as well. The term computer- 
integrated manufacturing (CIM) denotes the pervasive use of computer systems to design 
the products, plan the production, control the operations, and perform the various busi- 
ness-related functions needed in a manufacturing firm. True CIM involves integrating 
all of these functions in one system that operates throughout the enterprise. Other terms 
are used to identify specific elements of the CIM system. For example, computer-aided 
design (CAD) denotes the use of computer systems to support the product design func- 
tion. Computer-aided manufacturing (CAM) denotes the use of computer systems to per- 
form functions related to manufacturing engineering, such as process planning and 
numencal control part programming. Some computer systems perform both CAD and 
CAM. and so the term CAD/CAM is used to indicate the integration of the two into one 
system. Computer-integrated manufacturing includes CAD/CAM, but it also includes 
the firm's business functions that are related to manufacturing. 

Let us altempt to define the relationship between automation and CIM by develop- 
ing a conceptual model of manufacturing. In a manufacturing firm, the physical production 
activities that take place in the factory can be distinguished from the information-pro- 
cessing activities, such as product design and production planning, that usually occur in an 
office environment. The physical activities include all of the processing, assembly.materi- 
al handling, and inspection operations that are performed on the product in the factory. 
These operations come in direct contact with the product during manufacture. The rela¬ 
tionship between the physical activities and the inforraation-processing activities in our 
model is depicted in Figure 1.8. Raw materials flow into one end of the factory and finished 
products flow out the other end. The physical activities take place inside the factory. In 
our model, the information-processing activities form a ring that surrounds the factory, 
providing the data and knowledge required to successfuUy produce the product. These in- 
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Figure 1.8 Modul of manufacturing showing factory operations and 
thc information-processing activities for manufacturing support. 

formation-processing activities are accomplished to implement the four basic manufactur¬ 
ing support functions identified earlici: (1) business functions. (2) product design, (3) man¬ 
ufacturing planning. and (4) manufacturing control.These four functions form a cycle of 
events that must accompany the physical production activities bul do not direetly touch the 
product. 

1.3.3 Reasons for Automating 

('ompanies undertake projects in manufacturing automation and computer-integrated 
manulacturing for a variety of good reasons. Some of the reasons used to justify automa¬ 
tion are the following: 

1. To inerease hibor productivity. Automating a manufacturing operation usually in- 
creases production rate and labor productivity This means greater output per horn 
of labor input 

2. To redttee labor cost. Ever-increasing labor cost has been and continues lo be the 
Irend in the world's induslriali7ed socictics. Consequently. higher investment in au¬ 
tomation has become economically justifiablc to replacc manual operations. Ma¬ 
chines are increasingly being substituted for human labor to reduee unit product cost. 

3. To miuxate the effecls of lahor shortages. There is a general shortage of labor in many 
adva.nced nations, and this has stimulated the development of automated operations 
as a substitut« for labor. 

4. To reduce or diminate routine manual and ckrical tasks. An argument can be put 
forth that there is social valuc in automating operations that are routine, boring, fa- 
liguing.and possiblv irksome. Automating such tasks serves a purpose of improving 
the general level of working conditions. 

5. To improve worker safety. By automating a given operation and transferring the work- 
er from active participation in the process to a supervisory role, the work is made 
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safer.The safety and physical wcll-being of the worker has become a national ob- 
jective with the enactment of the Occupational Safety and Health Act (OSHA) in 
1970.This has provided an impetus for automation. 

6. To improve produci quality. Automation not only results in higher production rates 
than manual operations; it also performs the manufacturing process with greater uni- 
formity and conformity to quality specifications. Reduction of fraction defect rate is 
otie of the chief benefits of automation. 

7. To reduce manufacturing lead time. Automation helps to reduce the elapsed time be- 
tween customer order and product deliverv, providing a competitive advantage to 
the manufacturer for future orders. By reducing manufacturing lead time, the man- 
ufacturer also reduces work-in-process inventory. 

8. To accomplish processes that cannot be done manually. Certain operations cannot be 
accomplished without the aid of a machine These pmcest.es have rcquircments for 
precision, miniaturization, or complexity of geometry, that cannot be aehieved man- 
ually. Examples include certain integrated Circuit fabrication operations, rapid pro- 
totyping processes based on computer graphics (CAD) models, and the machining of 
compicx, mathematically defined surfaces using computer numerical control.These 
processes can only be realized by computer controlled systems. 

9 To avoid the high cost of not automating. There is a significant competitive advan¬ 
tage gained in automating a manufacturing plant. The advantage cannot easily be 
demonstrated on a company’sproject authorization form .The benefits of automation 
often show up in unexpected and intangible ways. such as in improved quality, high¬ 
er sales, betteT labor relations,and better company image. Companies that do not au¬ 
tomate are likely to find themselves at a competitive disadvantage with their 
customers,their employees, and the general public. 

1.4 MANUAL LABOR IN PRODUCTION SYSTEMS 

fs there a place for manual lahor in the modern production system? The answer is cer- 
tainly yes. Even in a highly automated production system, humans are still a necessary 
component of the manufacturing enterprise. For the foreseeable future, people will be rc- 
quired to manage and maintain the plant,even in those cases where they do not participate 
direetly in its manufacturing operations. Let us separate our discussion of the labor issue 
into two parts, corresponding to our previous distinetion between facilities and manufac¬ 
turing support: (1) manual labor in factory operations and (2) labor in the manufacturing 
support systems, 

1.4.1 Manual Labor in Factory Operations 

There is no denying that the long-term trend in manufacturing is toward greater use of 
automated machines tosubstitute for manual labor.This has been true throughout human 
history, and there is every reason to believe the trend will continue. It has been made pos- 
sible by applying advances in tecbnology to factory operations. In parallel, and sometimes 
in conflict. with this technologically driven trend are issues of economics that continue to 
find reasons for employing manual labor in manufacturing operations. 

Certainlv one of the current economic realities in the worid is that there are countries 
whose average hourly wage rates are suffidemly low that most automation projects are im- 
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possible to justifv strictly on thc basis of cost reduction. At time of writing, ihese countries 
ind ud c Mexico, China, and most of the countries of Southeast Asia. With the recent pas¬ 
sage of the North American Fiee Trade Agreement (NAFTA), the North American con- 
tinent has beconie one large labor pool. Within this pool, Mexico’s labor rate is an order 
of magnitude les» than Ihat in the United States. For U.S. corporate executives making de¬ 
cisions on a factor)' location or the outsourcing of work, this is an economic rcality that must 
be reckoned with. 

In addition to the labor rate issuc. there are olher reasons, iiltimately based on eco- 
nomics, that make the use of manual labor a feasible alternative to automation. Humans 
possess certain attributes that give them an advantage over machines in certain situations 
and certain kinds of tasks.Table 1.1 lists the relative strengths and attributes of humans and 
machines. A number of situations can be listed in which manual labor is usually preferred 
over automation: 

• Tusk is too technologically diffieuit to automate. Certain tasks are very difficult (either 
technologically or economically) to automate. Reasons for the difficulty include: (1) 
problems with physical access to the work location. (2) adjustments required in the 
task. (3) manual dexterity requirements, and (4) demands on hand-eye coordination. 
Manual labor is used to perform the tasks in these cases. Fx snip le.« include automo¬ 
bile final assembly lines where many final trim operations are accomplished by human 
workers. 

• Short product life cycle. If the product must be designed and introduced in a short 
period of time to meet a near-term window of opportunity in the marketplace, or if 
the product is anticipated to be on the market for a relatively short period. then a 
manufacturing method designed around manual labor allows for a mueh faster prod¬ 
uct launch than does an automated method.Tooling for manual production can be fab- 
ricated in mueh less time and at mueh lower cost than comparable automation tooling. 

• Customized product. If the customer requires a one-of-a-kind item with unique fea¬ 
tures, manual labor may have the advantage as the appropriate production resource 
because of its versatility and adaptability. Humans are more flexible than any auto- 
mated machine. 

• To rope with tips and downs in demand. Changes in demand for a product ncccssitate 
changes in production output levels. Such changes are more easily made when man¬ 
ual labor is used as the means of production. An automated manufacturing system has 
a fixed cost associated with its investment. If output is reduced, that fixed cost must 
be spread over fewer units, driving up Ihe unit cost of the product. On the other hånd. 


TABLE 1.1 Relative Strengths and Attributes of Humans and Machines 

Relative Strengths of Humans Relative Strengths of Machines 


Sense unexpected stimuli 
Develop new solutions to problems 
Cope with abstract problems 
Adapt to change 

Learn from experience 

Make difficult decisions based on incomplete 


Perform repetitive tasks consistently 
Store large amounts of data 
Retrieve data from memory reliably 
Perform multiple tasks at same time 
Apply high forces and power 
Perform simple computalions quickly 
data Make routine decisions quickly 
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an automated system has an ultimate upper limit on its output capacity. It cannot 
produce more than tts rated capacity. By conlrast. manual iabor can be added or re- 
duced as oeeded to racet demand, and the associated cost of the resource is in direct 
proportion to ils usagc. Manual labor can be used to augment the output of an existing 
automated system during those periods when demand exceeds the capacity of the 
aotonated system. 

• To reduce nsk of product fuilnre. A company introducing a new product to the mar- 
ket never knows for sure what the ultimate success of that product will be. Some 
products will have long life cycles. while others will be on the market for relatively 
short lives.The use of manual labor as the productive resource at the beginning of the 
product’s life reduces the company's nsk of losing a significant investment in au¬ 
tomation if the product fails to aehieve a long market life. In Section 1.5.3, we discuss 
an automation migration strategy ihat is suitablc for introducing a new product. 

1.4.2 Labor in Manufacturing Support Systems 

In manufacturing support funetions. many of the routine manual and clerical tasks can be 
automated using computer systems. Ccrtain produclion planning aclivities are betler ac- 
complished by computer than by derks. Material requirements plamiiug (MRP, Section 
26.2) is an cxample: In material requirements planning, order releases are generated for 
componcnl parts and raw materials hased on the master production Schedule for final 
products. Tbis requires a massive amount of data processing that is best suited to comput¬ 
er automation. Many commercial software packages are available to pertorm MRP. With 
few exceptions, companies that need to accomplish MRP rely on the computer. Humar.s 
are still required to interprel and implemcnt the output of these MRP computations and 
to otherwise manage the production planning funetion. 

In modem production systems, the compuier is used as an aid in performing virtual- 
ly all manufacturing support activitics. Computer-aided design systems are used in prod¬ 
uct design. The human designer is still required to do the Creative work. The CAD system 
is a tool that assists and amplifies the dcsigner's Creative talents. Computcr-aidcd process 
planning systems are used by manufacturing engineers to plan the production methods 
and routings. In these examples. humans are integral comporte.nts in the operation of the 
manufacturing support funetions, and the computer-aided systems are lools to inerease 
productivity and improve quality. CAD and CAM systems rarely operate completely in 
automatic mode. 

It is veiy unlikdy thai humans wiJJ never be needed in manufacturing support systems, 
no malter how automated the systems are. People will be ne*ded to do the decision mak- 
ing, learning. engineering,evaluating. managing, and other funetions for which humans are 
mueh better suited than are machines, according to Table 1.1. 

Even if all of the manufacturing systems in the factory are automated, there will still 
be a need for the tollowing kinds of work to be performed: 

• Equipmentmainienance. Skilied technicians will be required to maintain and repair the 
automated systems in the factory when these systems break down .To improve the re- 
liability of the automated systems, preventive mainienance u5il) have to be carried out 

• Programmmg and computer operation. There will be a continual demand to upgrade 
software, install new versions of software packages, and execute the programs. It is an- 
ticipated that mueh of the routine process planning, numerical Control part pro- 
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gramming, and robot programming may be highly automated using artificial intelli¬ 
gence in the future. 

Engineeringproject »ork. The computer-automated and integrated factory islikely 
never to be finished. There will be a continual need to upgrade production machines, 
design tooling, and undertake continuous improvement projects. These activities re- 
quire the skills of engineers working in the factory. 

Plant management. Someone must be responsiblc for running the factory. There will 
be a limited staff of professional managers and engineers who are rcsponsible for 
plant operations.There is likely to be an increased emphasis on managers’ technica: 
skills rather than in traditional factory management positions, where the emphasis is 
on personnel skills. 


1.5 AUTOMATION PRINCIPLES AND STRATEGIES 

The preceding discussion leads as to conclude Ihat automation is not always the righi an- 
swer for a given production situation. A certain caution and respect must be obscrved in 
applying automation technologies. In this section, we offer three approaches for dealing with 
automation projects: 3 (1) the USA Principle, (2) the Ten Strategies for Automation and 
Production Systems, and (3) an Automation Migration Strategy. 

1.5.1 USA Principle 

The USA Principle is a common sense approach to automation projects. Similar proce¬ 
dures have been suggested in the manufacturing and automation trade literaturc.but none 
has a more captivating title than this one. USA stands for: 

1. Understand the existing proccss 

2. Simplify the process 

3. Automate the process. 

A statement of the USA principle appeared in an APICS' 1 article [4].The article wascon- 
cerned with implementation of enterprise resource planning (ERP, Section 26.6), but the 
USA approach is so general that it is applicable to nearly any automation project. Going 
through each step of the procedure for an automation project may in faet reveal that sim- 
plifying the process is sufficient and automation is not necessary. 

Understand the Existing Process. The obvious purpose of the first step in the 
USA approach is to eumprehend the current process in all of its details. What are the in¬ 
puts? What are the outputs? What exaetly happens to the work unit between input and 
output? What is the funetion of the process? How does it add value to the product? What 
are the upstream and downstream operations in the production sequence, and can they be 
combined with the process under consideration? 

-There aie addi'ional approaches not discusscd here. bul in which Ihe rcader may bc mleiesled: for ex- 
ample. the len sleps lo inlegrolcd manufaciuiiug pioduction systems discussed in J. Black’s book: The Design of 
the Factory with a Forure [ I], 

’ APICS = American Production ard Inventory Control Society. 
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Some of the basic charting tools used in methods analysis are useful in this regard,such 
as the operation prncess chart and the flow process chart [5]. Application of these tools to 
the existing process provides a model of the process that can be analyzed and searched for 
weaknesses (and strengths). The number of steps in the process, the number and place- 
ment of inspection$,the number of moves and delays experienced by the work unit, and the 
time spent in storage can be ascertained hy these charting techniques. 

Mathematical models of the process may also be useful to indicate relationships be- 
tween input parameters and output variables. What are the important output variables? 
How are these output variables affeeted by inputs to the process, such as raw material 
properties. process settings,operating parameters, and environmental conditions? This in¬ 
formation may bc valuable in idcntifying what output variables need to be measured for 
feedback purposes and in formulating algorithms for automatic process control. 

Simplify the Process. Once the existing process is understood, then the search 
can begin for ways to simplify.This often involves a checklist of questions about the exist¬ 
ing process. What is the purpose of this step or this transport? Is this step necessary? Can 
this step be eliminated? Is the most appropriate technology being used in this step? How 
can this step be simpljfied? Are there.unnecessary steps in the process that might be elim¬ 
inated without dctracting from funetion? 

Some of the ten strategies ot automation and production systems (Section 1.5.2) are 
applicable to try to simplify the process. Can steps be combined? Can steps be performed 
simultaneously? Can steps be integrated into a manually operated production line? 

Automate the Process. Once the process has been reduced to its simplest form. 
then automation can be considered.The possible forms of automation include those list¬ 
ed in the ten strategies discussed in the following section. An automation migration strat- 
egy (Section 1.5.3) might be impiemented for a new product that has not yet proven ifself. 

1.5.2 Ten Strategies for Automation 
and Production Systems 

Following the USA Principle is a good first step in any automation project. As suggested 
previously, it may turn out that automation of the process is unnecessary or cannot be cost 
justified after it has been simplified. 

If automation seems a feasible solution to improving productivity, quality, or other 
measure of performance. then the following ten strategies provide a road map to search for 
these improvements. These ten strategies were first published in my first book/They seem 
as relevant and appropriate today as they did in 1980. We refer to them as strategies for au¬ 
tomation and production systems because some of them are applicable whether the process 
is a candidale for automation or just for simplification. 

1. Specialization of operations. The first strategy involves the use of special-purpose 

equipment designed to perform one operation with the greatest possible efficiency. 

This is analogous to the concept of labor specialization, which is employed to im- 

prove labor productivity. 

‘M. P. Groover. Automation. Production Systems, and Computer-Alded Manufacturing. Prentice 
Englcwood Cliffs.Ne» Jersey. 1980. 


Hall. 
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2. Combir.ed operations. Production occurs as a sequence of operations. Complex parts 
may require dozens, or even hundreds, of processing steps. The strategy of combined 
operations involves reducing the number of distinet production machines or work¬ 
stations through whichthc part must be routed.Tbis is accomplished by performing 
more than one operation at a given machine, thereby reducing the number of sepa¬ 
rate machines needed. Since each machine typically involves a setup, setup time can 
usually be saved as a consequence of this strategy. Materiai handling effort and non- 
operation time are also reduced. Manufacturing lead time is reduced for better cus- 
tomer service. 

3. Simultaneous operations. A logical extension of tbe combined operations strategy is 
to simultancously perform the operations that are combined at onc workstation. In 
effeet, two or more processing (or assembly) operations are being performed simul- 
taneously on the same workpart. thus reducing total processing time. 

4. Integration of operations. Another strategy is to link several workstations together into 
a single integrated mechanism, using automated work handling devices to transfer 
parts between stations. In effeet, this reduces the number of separate machines 
through whidi the product must be scheduled.With more than one workstation.sev¬ 
eral parts can be processed simultaneously, thereby inereasing the overall output of 
the system. 

5. Increasedflexibility.Tbis strategy attempts to achieve maximum utilization of equip- 
ment for jobshop and medium-volume situations by using the same equipment for 
a variety of parts or products. It involves the use of the flexible automation concepts 
(Section 1.3.1). Prime objcctives are to reduce setup time and programming time for 
the production machine This normally translates into lower manufacturing lead time 
and iess work-in-process. 

6. Improved materiai handling and storage. A great opportunity for reducing nonpro- 
ductive time exists in the use of automated materiai handling and storage systems. TVp- 
ical benefits include reduced work-in-process and shoner manufacturing lead times. 

7. On line inspection. Inspection for quality of work is traditionally performed after the 
process is completed.This means that any poor-quality product has already been pro- 
duced by the time it is inspected. Incorporating inspection into the manufacturing 
process permits corrections to the process as the product is being made This reduces 
scrap and brings the overall quality of the product doser to the nominal specifications 
intended by the designer. 

8. Process control and optimization. This includes a wide range of Control schemes in¬ 
tended to operate the individuat processes and associated equipment more effi- 
ciently. By this strategy, the individual process times can be reduced and product 
quality improved. 

9. Plant operations control. Whereas the previous strategy was concerned with the Con¬ 
trol of the individual manufacturing process, this strategy is concerned with control 
at the plant level. It attempts to manage and coordinate the aggregate operations in 
the plant more efficiently. Its impiementation usually involves a high level of computer 
networking within the factory. 

10. Computer-integrated manufacturing (CIM). Taking the previous strategy one level 
higher, wc have the integration of factory operations with engineering design and 
the business funetions of the firm. CIM involves extensive use of computer applica- 
tions. computer data bases, and computer networking throughout the enterprise. 
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The ten stralegics constitute a checklist of the possibilities for improving the production 
system through automation or simplification. They should not be considcrcd as mutually 
exelusive. For most situations, multiple strategies can be implemented in one improve- 
ment project. 


1.5.3 Automation Migration Strategy 

Owing lo competitive pressures in the marketplace, a company often needs to introduce a 
new product in the shortest possible time. As mentioned previouslv, the easiest and least 
expensive way lo accomplish this ohjective is to design a manual production method, using 
a sequence of workstations operating independently.The tooling for a manual method can 
be fabn'catcd quickly and at low cost. If more than a single set of workstalions is required 
to make the product in sufficient quantities. as is often the case, then the manual cell is 
rcplicated as many times as needed to meet demand. If the product lurns out to be suc- 
cessful. and high future demand is anticipaled. then it makes sense for the company to au¬ 
tomate production. The improvements are often carried out in phuses. Many companies 
have an automation migration strategy. that is, a formalized plan for evolving the manu¬ 
facturing systems used to produce new products as demand grows. A typical automation 
migration strategy is the following: 

Phase 1: Manual production using single-station manned cells operating indepen- 
dently.This is used for introduction of the new product for reasons already 
mentioned: quick and low-cost tooling to get started. 

Phase 2: Automated production using single-station automated cells operating in- 
dependently. As demand for the product grows, and it becomes clear that 
automation can be justified. then the single stations are automated to re- 
duce labor and inerease production rate. Work units arc still moved be- 
tween workstations manually. 

Phase 3: Automated integrated production using a multistation automated system 
with serial operations and automated transfer of work units between sta¬ 
tions. When the company is certain that the product will be produced in 
mass quantities and for several yeais. then integration of the single-station 
automated cells is warranted to further reduce labor and inerease pro- 
duction rate. 

This strategy is illustrated in Figure 1.9. Details of the automation migration strategy vary 
from company to company. depending on the types of products they make and the manu¬ 
facturing processus they perform. But well-managed manufacturing companies have poli 
cies like the automation migration strategy. Ad vantages of such a strategy include: 

• It allows introduction of the new product in the shortest possible time, since pro¬ 
duction cells based on manual workstalions are the easiest to design and iinplement. 

• It allows automation to bc introduced gradually (in pianned phases), as demand for 
the product grows, engineering changes in the product are made, and time is allowed 
to do a thorough design job on the automated manufacturing system. 

• It avoids the commitment to a high level of automation from the start, sincc there is 
always a risk that demand for the product will not justify it. 
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Figure 1.9 A typical automation migration stralcgy. Phase 1: man¬ 
ual production with single independent workstations. Phase 2: au¬ 
tomated production stations with manual handling between stations. 
Phase 3. automated Integrated production with automated handling 
between stations. Key: Aut = automated workstation. 


1.6 ORGANIZATION OF THE BOOK 

This chapter has provided an overview of production systems and how automation is some- 
times used in these systems. We see that people are needed in manufacturing, even when 
the production systems are highly automated. Chapter 2 takes a look at manufacturing op¬ 
erations: the manufacturing processes and other activities that take place in the faciory. 
We also develop several mathematica! models that arc intended to inerease the reader'sun- 
derstanding of the issues and parameters in manufacturing operations and to underscore 
their quantitative nature. 

The remaining25 chapters are organized into five parts. Let us describe ihe five parts 
with reference to Figure 1.10. which shows how the topics fit together. Part 1 includes six 
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Figure 1.10 Overvicw and relationships among the five parts of the 
book. 


chapters that are concemed with automation technologies. Whereas Chapter 1 discusses au¬ 
tomation in general terms. Part I describes the technical details. Automation relies heavily 
on control systems, so Part 1 is called Automation and Control Technologies. These tech- 
nologies include numerical control, industrial robotics, and programmable logic controllers. 

Part II is composed of four chapters on material handling technologies that are used 
primarily in factories and warehouses. This includes equipment for transporting materials, 
storing them, and automatically identifying them for material control purposes. 

Part III is concerned with the integration of automation technologies and material 
handling technologies into manufacturing systems—those that operate in the factory and 
touch the product. Some of these manufacturing systems are highly automated, while oth- 
ers rely largely on manual labor. Part 111 contains seven chapters, covering such topics as 
product ion lines, assembty systems, group technology, and flexible manufacturing systems. 

The importance of quality control must not be overlooked in modem production 
systems. Part IV covers this topic. dealing with statistical process control and inspection is- 
sues. We describe some of the significant inspection technologies here, such as machine vi¬ 
sion and coordinate measuring machines. As suggested in Figure 1.10, quality control (QC) 
systems inciude elements of both facilities and manufacturing support systems. QC is an en- 
terprise-level funetion, but it has equipment and procedures that operate in the factory. 

Finally. Part V addresses the remaining manufacturing support funetions in the pro¬ 
duction system. We include a chapter on product design and how it is supported by com- 
puteT-aided design systems. The second chapter in Part V is concemed with process plaitning 
and how it is automated by computer-aided process planning. Here we also discuss con- 
current engineering and design for manufacturing. Chapter 26 covers production planning 
and control, including topics such as material requirements planning (mentioned in Chap¬ 
ter 1), manufacturing resource planning, and just-in-time production systems. Our book 
concludes with a chapter on lean production and agile manufacturing, two production sys¬ 
tem paradigms that define the ways that modem manufacturing companies are attempt- 
ing to run their bu si nosses. 
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2.5.1 Fixed and Variable Costs 
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Manufacturing can be defined as the application of physical and Chemical processes to 
alter the geometry, properties, and/or appearance of a given starting material to make parts 

; The chapter introduction and Sections 2 1 and 2.2 are based on M. P. Groover, Fundamentals of Modern 
Manufacturing: Materials, Processes, and Systems, Chapter 1. 
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Figure 2.1 Alternative definitions of manufacturing: (a) as a tech- 
nological process and (b) as an economic process. 


or products; manufacturing also includes the joining of multiple parts to make assembled 
products. The processes that accomplish manufacturing involve a combination of machin- 
ery, tools, power, and manual labor, as depicted in Figure 2.1(a). Manufacturing is almost 
always carried out as a sequence of operations. Each successive operation brings the raa- 
terial doser to the desired final State. 

From an economic viewpoint, manufacturing is the transformation of materials into 
items of greater value by means of one or more processing and/or assembly operations, as 
depicted in Figure 2.1 (b). The key point i$ that manufacturing adds value to the material 
by changing its shape or properties or by combining it with other materials that have been 
similarly altered. The material has been made more valuable through the manufacturing 
operations performed on it. When iron ore is converted into Steel, value is added. When sand 
is transformed into glass, value is added. When petroleum is refined into plastic, value is 
added. And when plastic is molded into the complex geometry of a patio chair, it is made 
even more valuable. 

In this chapter, we provide a survey of manufacturing operations. We begin by ex 
ainining the industries that are engaged in manufacturing and the types of products they 
produce. We then discuss fabrication and assembly processes used in manufacturing as well 
as the activities that support the processes, such as material handling and inspection.The 
chapter concludes with descriptions of several mathematical models of manufacturing op¬ 
erations. These models help to define certain issues and parameters that are important in 
manufacturing and to provide a quantitative perspective on manufacturing operations. 

We might observe here that the manufacturing operations, the processes in particu- 
lar, emphasize the preceding technological definition of manufacturing, while the produc- 
tion systems discussed in Chapter 1 stress the economic definition. Our emphasis in this 
book is on the systems. The history of manufacturing includes both the development of 
manufacturing processes, some of which date back thousands of years, and the evolution of 
the production systems required to apply and exploit these processes (Historical Note 2.1). 


Historical Note 2.1 History of manufacturing 

The histor) of manufacturing indudes two related topics: (1) man’s discovery and invention 
of materials and processes to make tbings and (2) the development of systems of production. 
The materials and processes predate the Bysteins by several miUennia. Systems of production 
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refer to the ways of organizing people and equipment so thal produciion ean be performed 
more efficiently. Some of the basic processes date as far back as the Neolithic period (circa 
8000-3000 B.C.). when operations such as the foliowing were developed: woodworking,form- 
ing, and firing of clay pottery. grinding and polishing of stone. spinmng and weaving of tex- 
tiles, and dyeing of cloth. Metallurgy and metalworking also began during the Neolithic, in 
Mesopotamia and other areas around the Mediterranean. It either spread to, or developed in- 
dependeatly in, regions of Europe and Asia. Gold was found by early man in relatively pure 
form in nature;it could be hammered into shape. Copper was probably the first metal to be ex- 
tracted from ores,thus requiring smehing as a processing technique, Copper could not be read- 
ily hammered because it strain-hardened; instead, it was shaped by casting. Other metals used 
during this period were silver and tin. It was discovered that copper alloyed with tin produced 
a more workabie metal than copper alone (casting and hammering could both be used).This 
heralded the important period known as the Bronze Age (circa 3500-1500 B.C.). 

Iron was also first smelted during the Bronze Age Meteorites may have been one source 
of the metal, but iron ore was also mined. The temperaiures required to reduce iron ore to 
metal are significantly higher than for copper, which made furnace operations more difficult. 
Other processing methods were also more difficult for the same reason. Early blacksmiths 
leamed that when certain irons (those containing small amounts of carbon) were sufficiently 
heated and then quenched, Ihey became very hard. This permitted Ihc grinding of very sharp 
cutting edges on knives and weapons, but it also made the metal britt le. Toughness could be in- 
creased by reheating at a k>wer temperature, a process known as tempering. What wc have de- 
scribed is, of course, the heat treatment of Steel. The superior properties of Steel caused it to 
succeed bronze in many applications (weaponry, agriculture, and mechanical dcvices).The pe¬ 
riod of its use has subsequently been named the Iron Age (starting around 1000 B.C.). Il was 
not until mueh later, well into the nineteenth century, that the demand for Steel grew signifi¬ 
cantly and more modem steelmaking techniques were developed. 

The early fabrication of implements and weapons was accomplished more as crafts and 
trades than by manufacturing as we know it today.The ancient Romans had what might be 
called factories to produce weapons, scrolls. pottery. glassware, and other products of the lime, 
but the procedures were largely based on handicraft. It was not until the Industrial Revolution 
(circa 1760-1830) that major changes began lo affed the systems for making things.This pe¬ 
riod marked the beginning of the change from an economy based on agriculture and handicraft 
to one based on industry and manufacturing The change began in England, where a series of 
importan! machines were invented, and steam power began to replacc water, wind, and animal 
power. Initially, these advances gave British industry significant advantages over other nations, 
but eventually the revolution spiead to olltei European countries and to the United States The 
Industrial Revolution contributed to the development of manufacturing in the foliowing ways: 
(1) Watt’ssteam engine, a new power-generating technology; (2) development of machine lools, 
starting with John Wilkinson's boring machine around 1775. which was used to bore the cylin¬ 
der on Watt's steam engine; (3) invention of the spinning jenny, potver loom, and other ma- 
chinery for the textile industry, which permitted significant incrcases in productivity; and (4) 
the factory system, a new way of organizing large numbers of production workers based on the 
division of labor. 

Wilkinson's boring machine is generally recognized as the beginning of machine tool 
technology. It was powered by water wheel. During the period 1775-1850, other machine tools 
were developed for most of the conventional machining processes, such as boring, turning, 
drilling, milling, shaping, and planing. As steam power became more prevalcnt, it gradually 
became the preferred power source for most of these machine tools. It is of interest to note 
that many of the individual processes predate the machine tools by centuries; for example, 
drilling and sawing (of wood) date from ancient times and turning (of wood) from around the 
time of Christ. 

Assembly methods were used in ancient cultures to make ships, weapons, tools, farm 
implements, machinery, chariots and carts, fumiture, and garments. The processes included 
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binding with iwine and tope. riveting and natling. and soldering. By around thc time of Christ. 
forge welding and adhesive bonding had bccn devcloped. Widespread use of screws, boils, and 
nuls- - -so common in loday’s assembly—required the developmenl of machine tools, in par- 
ticular. Maudsley’s screw cutting lathe (1800). which could accurately form the helical thrcads. 
It was not umil around 1900 that fusion melding processes star led to be devcloped as assem- 
bly lechniques. 

While England was lcading ihe Induslrial Revolution, an important concept related to 
assembly tcchnology was being introdueed in the United States: interchangeable paris manu- 
facture. Much crcdit for this concept is given to Eli Whitney (1765-1825). although its impor¬ 
tance bad been rccognizcd by others [2]. In 1797, Whitney negotiated a contract to produce 
10,000 muskets for the U.S.govemmcnt.The traditional way of making guns al ihe time was 
to aistom rabrieate each part for a particular gun and then hand-fit the parts together by fil- 
ing. Each muskel was therefore unique. and the time to make it was considcrable Whitney be- 
lievcd thai Ihe componcnts could be made accurately enough to petmit parts assembly withnut 
fitting. After several ycars of development in his Connecticut factory, he traveled to Washing¬ 
ton in 1801 to demonstratc the principle. Bcfore government officials, including Thomas Jef- 
ferson. he laid out components for 10 muskets and proceeded to select parts randomly to 
assemble the guns No special filingor fitting was required, and all of the guns worked perfeetly. 
The sccret behind his achievement was the collection of special machincs. fixtures, and gages 
that he haddeveloped in his factory. Intcrchangeable parts manufacturc required many ycars 
of development and refinement bcfore becoming a practical reality. but il revolutionized merh- 
ods of manufacturing. It is a prerequisite for mass production of assembled products. Because 
ns origins were in the United States, intcrchangeable parts production came lo be known as 
thc American System of manufaclure- 

The mid- and late-1800s witnessed thc expansion of railroads,stcam-poweied ships,and 
other inachines that crealed a growing need for iron and Steel. New methods for producing Steel 
were devcloped to mcel this demand Also during this period. several consumcr products were 
devetoped, indudtng thc sewing machinc. bicycle. and automobile. To meet the mass demand 
for ihese products. more cfficient production methods were required. Some historians identi- 
fy dcvelopments during this period as thc Second Indusirial Revolution, characterizcd in terms 
of its ct'fects on production systems by the following: (1) mass production. (2) assembly lines. 
(3) scientific management movemeni. and (4) electrification of factories. 

Mass production was primarily an American phenomsnon. Its motivation was the mass 
market that existed in the United States. Population in the United States in 190(1 was 76 mil¬ 
lion and growing. By 1920 it cxceeded 106 million. Such a large population, larger than any west¬ 
ern European country, crcnlcd a demand for large mnubers of products. Mass production 
provtded thosc products Cerlainly onc of the important technologies of mass production was 
the assembly line. introdueed by Henry Ford (1863-1947) in 1913 at Ilis Highland Park plant 
(Historical Note 17.1 ).The assembly line made mass production of complex consumer prod¬ 
ucts possible. Usc of assembly line methods permitted Ford tn sell a Model T automobile for 
less than $500 in 1916. thus making ownership of cars feasiblc for a large segment of the Amer¬ 
ican population. 

The scientific management movement started in the lale 1800sin the United States in re- 
sponse to the need to plan and Control Ihe activities of growing numbers of production work- 
ers.Thc movement was led by Frederick W.Taylor (1856-J915).Frank Giibreath (1868-1924) 
and his wife Lihan (1878-1972). and others. Scientific management included: (1) motion study, 
aimed al finding thc hest method lo perform a given task: (2) time study, to establish woik 
standards for a job: (3) cxlensive use of standards in industry: (4) the piece rate system and sim- 
ilar labor incentive plans; and (5) use uf data collection. record keeping, and cost accounting 
in factory operations. 

In \V»\.electrification began with the first clectric power generating station being built 
m New York City. and soon clectric motors were being used as the power source to operatc fac¬ 
tory machinery.This was a far more convenicnt power delivery system than the steam engine, 
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which rcquircd ovcrhead belis lo dislribute power to the machines. By 1920,electricity had over- 
taken steam as the principal power sourcc in (J.S. factories. Elecinfication also motivated many 
new inventions that have affeeted manufacturing operations and production systems.The twen- 
tieth eentury has been a time of more technological advances than in all other centuries com- 
bined. Many of iltese developments have rcsultcd in the automation of manufacturing. 
Ilistorical notes on some of these advances in automation are covercd in this book. 


2.1 MANUFACTURING INDUSTRIES AND PRODUCTS 


Manufacturing is an important commercial activity, carried out by companies that seil proti- 
ucts to cuslomers. The type of manufacturing performed by a company depends on the 
kinds of products it makes. Let us first lake a look at the scope of the manufacturing in- 
dustries and then consider their products. 

Manufacturing Industries. Industry consists of enterprises and organizations that 
producc and/or supply goods and/or services. Industries can be classified as primary, sec- 
ondnry, and tertiary. Primary Industries are Ihose that cultivate and exploit natural re- 
sources, such as agriculture and mining. Secondary Industries convert the outputs of Ihe 
primary industrics into products. Manufacturing is the principal activity in this category, but 
the secondary industries also include construction and power Utilities. Tertiary Industries 
constitutc the service sector of Ihe economy. A list of specific industrics in these categories 
is presented in Table 2.1. 


TABLE 2.1 Specific Industries in the Primary, Secondary, and Tertiary Categories, 
Based Roughly on the International Standard Industrial Classification (ISIC) 

Used by the United Nations 


Primary 

Secondary 

Tertiary (Service) 

Agriculture 

Aerospace 

Banking 

Forest ry 

Apparel 

Communications 

Fishing 

Automotive 

Education 

Livest ock 

Basic metals 

Entertainment 

Quarries 

Beverages 

Financial services 

Mining 

Building materials 

Government 

Petroleum 

Chemicals 

Health and medical 


Computers 

Hotel 


Construction 

Information 


Consumer appliances 

Insurance 


Electronics 

Legal 


Equipment 

Real estate 


Fabricated metals 

Repairand maintenance 


Food processing 

Restaurant 


Glass, ceramics 

Retail trade 


Heavy machinery 

Tourism 



Transportation 


Petroleum refining 
Pharmaceuticals 

Plastics (shaping) 

Power Utilities 

Publishing 

Textiles 

Tire and rubber 

Wood and fu mit ure 

Wholesale trade 
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In this hook.we are concerned with the secondary industries (middle column in Table 
2.1), whkh arc contposcd of the cowpanics cngaged in manufacturing. Il is useful to dis- 
tinguish the process industries from the industries that make discrcte parts and products. 
The process Industries includc Chemicals, pharmaceuticals, petroleum, basic metals, food, 
beverages. and electrie power generation.Tlic discrcte product industries include auto¬ 
mobiles, aircrafl, appliances. computers, machinerv. and ihe componeni parts ihat these 
products are asscmbled from.The International Standard Industrial Classification (ISIC) 
ol industries according to types of products manufactured is listed in Table 2.2. In gener¬ 
al, the proccss industries are includcd within ISIC codes 31-37, and the discrete product 
manufacturing industries are includcd in ISIC codes 38 and 39. However, it must be ac- 
knowledged ihat many of the products made by the process industries are finally sold to 
the consumer in discrete units. For cxamplc. beverages are sold in bottles and cans. Phar¬ 
maceuticals are olien purchased as pills and capsules. 

Produc'.ion operations in the process industries and the discrete product industries 
can be divided inio conlinuous produelion and batch production.The differences are shown 
in Figure 2.2. Conlinuous produelion occurs when the production equipment is used ex- 
clusively for the given product, and the output of the product is uninterrupted. In the 
process industries. conlinuous produelion mcans that the process is carried out on a con- 
tinuous stream ol material, with no interruptions in the output flow, as suggested by Fig- 
urc 2.2(a) Once operating in stcady State, the process does not depend on the length of time 
it is operating.The material being processed is likely to be in the form of a liquid,gas,pow- 
der. or sunilar physical State, in the discrete manufacturing industries, continuous produc¬ 
tion mcans 100% dcdication of the production equipment to the part or product, with no 
breaks for product changeovers.The individual units of production are identifiable, as in 
Figure 2.2(b). 

Batch produelion occurs when the inateriais are processed in finite amounts or quan- 
tities.The finite amount orquanlity of material is called a batch in both the process and 
discrete manufacturing industries. Batch production is discontinuous because there are in- 
tcrruplions in production belween batches. The reason for using batch production is 


TABLE 2.2 International Standard Industrial Classification (ISIC) Codes for Various 
Industries in the Manufacturing Sector 

Basic 

Code Products Manufactured 

31 Food, beverages (alcoholic and nonalcoholic), tobacco 

32 Textiles. wearing apparel. leather goods, fur products 

33 Wood and wood products (e.g., furniture), cork products 

34 Paper, paper products, printing, publishing, bookbinding 

35 Chemicals, coal. petroleum, plastic, rubber, products made from these 

materiels, pharmaceuticals 

36 Ceramics fincluding glass), nonmetallic mineral products (e.g., cement) 

37 Basic metals (e.g., Steel, aluminum, etc.) 

38 Fabricated metal products, machinery, equipment (e.g., aircrafr, cameras, 

computers and other office equipment, machrnery, motor vehicles, tools, 
televisions) 

39 Other manufactured goods (e.g., jewelry, musical instruments, sporting 

goods, toys) 
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Figure 22 Continuous and batch production in the process and dis¬ 
crete manufacturing industries: (a) continuous production in the 
process industries. (b) continuous production in the discrete manu¬ 
facturing industries, (c) batch production in the process industries, 
and (d) batch production in the discrele manufacturing industries. 


because the nature of the process requires that only a finite amount of material can be ac- 
commodated at one time (e.g.. the amount of material might be limited by the size of the 
container used in processing) or because there are differences between the parts or prod- 
ucts made in different batches (e g., a batch of 20 units of part A followed by a batch of 
50 units of part B in a machining operation, where a setup changeover is required be¬ 
tween batches because of differences in tooling and fixturing required). The differences 
in batch production between the process and discrete manufacturing industries are por- 
trayed in Figure 2.2(c) and (d). Batch production in the process industries generally means 
that the starting materials are in liquid or bulk form, and they are processed altogether 
as a unit. By contrast, in the discrete manufacturing industries, a batch is a certain quan- 
tity of work units, and the work units are usually processed one at a time rather than al¬ 
together at once.The number of parts in a batch can range from as few as one to as many 
as thousands of units. 


Manvfactured Products. As indicated in Table 2.2, the secondary industries in- 
clude food, beverages, textiles, wood, paper, publishing, Chemicals, and basic metals (ISIC 
codes 31-37). The scope of our book is primarily directed at the industries that produce dis¬ 
crete products (ISIC codes 38 and 39).The two groups interact with each other. and many 
of the concepts and systems discussed in the book are applicable to the process industries, 
but our attention is mainly on the production of discrete hardware, which ranges from nuts 
and bolts to cars, airplanes, and digital computers. Table 2.3 lists the manufacturing indus¬ 
tries and corresponding products for whkh the production systems in this book are most 
applicable. 
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TABLE 2.3 Manufacturing Industries Whose Products Are Likely to Be 


Produced by the Productio 

, Systems Discussed in This Book 

Industry 

Typical Products 

Aerospace 

Automotive 

Computers 

Consumer appliances 

Equipment 

Fabricated metals 

G'ass, ceramics 

Heavy machinery 

Plastics (shaping) 

Tire and rubber 

Commercia! and mititary aircraft 

Cars, trucks, buses, motorcycles 
Mainframe and personal computers 

Large and small househoid appliances 
TVs, VCRs, audio equipment 

Industrial machnery, railroad equipment 
Machined parts, metal stampings, tools 
Glass products, ceramic tools, pott9ry 
Machine tools, construction equipment 
Plastic moidings, extrusions 

Tires, shoe soles, tennis balls 


Final products made by the industries listed in Table 2.3 can be divided into two major 
classes: consumer goods and Capital goods. Consumer goods are products purchased di- 
rectty by consumers, such as cars, personal computers, TVs, lires, toys, and tennis rackets. 
Capital goods are products purchased by other companics to produce goods and supply ser¬ 
vices. Examples of Capital goods include commercia! aircraft, mainframe computers, ma- 
chine tools. railroad equipment, and construction machinery. 

In addition to final products, which are usually assembled, there are companics in in- 
dustry whose business is priraarily to produce materials, components, and supplies for the 
companies that make the final products. Oxamples of these items include sheet Steel, bar 
stock.metal stampings.machined parts, plastic niddings and extrusions,cutting tools,dies, 
molds, and lubricants.Thus, the manufacturing industries consist of a complex infrastruc- 
ture with various catcgories and layers of intermediate suppliers that the final consumer 
never deals with. 


2 2 MANUFACTURING OPERATIONS 


There are certain basic activities that must be carried out in a factory to convert raw ma¬ 
terials into finished products. Limiting our scope to a plant engaged in making disciete 
products, the factory activities are: (1) processing and assembly operations, (2) material 
handling, (3) inspection and test, and (4) coordination and control. 

The t'irst three activities are the physical activities that “touch” the product as it is 
being made. Processing and assembly operations alter the geometry. properties, and/or ap- 
pearance of the work unit. They add value to the product. The product must be moved 
from one operation to the next in the manufacturing sequence, and it must be inspected 
and/or tested to insure high quality. It is sometimes argued that these material handling and 
inspection activities do not add value to the product. However, our viewpoint is that value 
is added through the totality of manufacturing operations performed on the product. Un- 
necessary operations, whethei they are processing,assembly, material handling,or inspec¬ 
tion. must be eiiminated from the sequence of steps performed to complete a given product. 
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2.2.1 Processing and Assembly Operations 

Manufacturing processes can bc divided into two basic types: (1) processing operations 
and (2) assembly operations. A processing operation transfonns a work material from one 
statc of completion to a more advanced State that is doser to the final desired part or prod- 
uct. It adds value by changing the geometry. properties, or appearance of the starting ma¬ 
terial. In general, processing operations arc performed on discrete workparts, but some 
processing operations are also applicable to assembled items, for example. painting a weld- 
ed sheet metal car body. An assembly operation joins two or more components to create a 
new entity. which is called an assembly. subassembly, or some other term that refers to the 
spccific joining process. 

Processing Operations. A processing operation uses energy to alter a workpart’s 
shape, physical properties, or appearance to add value to the malerial. The forms of ener¬ 
gy include mechanical, thermal. electrical, and Chemical. The energy is applied in a con- 
trollcd way by nieans of machinery and tooling. Human energy may also be required, but 
human workers are generally employed to control the machines. to oversee the operations, 
and «o load aud unload paris before and after each cyde of operation. A general model of 
a processing operation is illustrated in Figure 2.1(a). Material is fed into the process, ener¬ 
gy is applied by Ihe machinery and tooling to transfoim the material, and the completed 
workpart exits the process. As shown in our model, most production operations produce 
waste or scrap, cithcr as a natural byproduct ot the process (e.g., removing material as in 
machining) or in the form of occasional defeetive pieces. An important objective in man¬ 
ufacturing is to reduce waste in eitlier of these forms. 

More than one processing operation is usually required to transform the starting ma¬ 
terial into final form. The operations are performed in the particular sequence to achieve 
the geometry and/or condition defined by the design specification. 

Three categories of processing operations are distinguished: (1) shaping operations, 
(2) property-enhancing operations, and (3) surface processing operations. Shaping opera¬ 
tions apply mechanical force or heat or other forms and combinations of energy to effeet 
a change in geometry of the work material.There are various ways to classify these process¬ 
es. The classification used here is based on the State of the starting material, by which we 
have four categories: 

1. Solidtfication processes The important processes in this catcgory arc casting (for 
metals) and molding (for plastics and glasses), in which the starting material is a 
heated liquid or semifluid, in which State it can be poured or otherwise forced to 
flow into a mold cavity where it cools and solidifies, taking a solid shape that is the 
same as the cavity. 

2. Particulateprocessing .The starting material is a powder.The common technique in- 
volves pressing the powders in a die cavity under high pressure to cause the powdeis 
to take the shape of the cavity. However, the compacted workpart lacks sufficient 
strength for any useful application. To inerease strength, the part is then sintered— 
heated to a temperature below the melting point, which causes the individual parti- 
cles to bond together. Both metals (powder metallurgy) and ceramics can be formed 
by particulate processing. 

3. Deformation processes. In most cases, the starting material is a ductile metal that is 
s haped by applying stresses that exceed the nietal's yield strength. To inerease duc- 
tility, the metal is often heated prior to forming. Deformation processes include forg- 
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ing.exirmion. and rolling. Also included in this category are shcet metal processes such 
as drawing.forming. and bendmg. 

4. Material removal processes. The starting material is solid (commonly a metal, ductile 
orbrittle),froni which excess material is removed from the starting workpiece so thal 
the resulting part has the desired geometrv. Most important in this category arc ma- 
chining operations such as turning, drilling , and milling , acoomplished using cutting 
tools that are harder and stronger than the work metal. Grinding is another coramon 
proccss in this category', in which an abrasive grinding wheel is used to remove mate- 
rial. Other material removal processes are known as nontraditionalprocesses because 
they do not use traditional cutting and grinding tools. Instead, they are based on lasers, 
electror. beams, Chemical erosion, electric discharge, or elecirochemical energy, 

1‘roperty-enhancingoperations are designed to improve mechanical or physical prop- 
erties of the work material. The most important propcrty-cnhancing operations involve 
heat tremment s. which include various temperature-induced strengthening and/or tough- 
ening processcs for metals and glasscs. Sintering of powdered metals and ccramics, men- 
tioiied pieviously. is also a heat treatment, which strengthens a pressed powder workpart. 
Property-enhancing operations do nol al ler part stiape. except unintentionally in some 
cases, for example, warping of a metal part during heat treatment or shrinkage of a ceramic 
part during sintering. 

Surface processing operations include: (1) clcaning, (2) surface Ircalmcnts, and (3) 
coating and thin film deposition processes. Cleaning includes both Chemical and mechan- 
ical processes to remove dirt, oil, and other contaminants from the surface. Surface treat- 
ments include mechanical working, such as shot peentng and sand blasling, and physical 
processcs. iike diffusion and ion implantation. Coating and thin film deposition processes 
apply a coating of material to the exterior surface of the workpart. Comnion coating 
processes include electroplming.antxlizing of aluminum, and organic coating (call it paint- 
ing). Thin film deposition processos include physical vapor deposition and Chemical vapor 
deposition toform extrcmely thin coatings of various substances. Several surface process¬ 
ing operations have been adapted lo fabricate semiconductor materials (most commonly 
Silicon) into Integrated circuits for microelectronics. Tbese processes include Chemical 
vapor deposition, physical vapor deposition, and oxidation. They are applied to very lo- 
calized areas on the surface of tt thin wafer of Silicon (or other semiconductor material) lo 
create the microscopic Circuit. 

AssemDly Operations. The second basic type of manufacturing operation is as- 
sembly, in which two or more separate parts are joined to form a new entity. Components 
of the new entity are cormected together either permanently or semipermanently. Perma¬ 
nent joining processcs include welding. brazing.soldering, and adhesive bonding. They com- 
bine parts by forming a joint that cannot be easily disconnectcd. Mechanical assembly 
methods are available to fasten two (or more) parts together in a joint that can be conve- 
nicntly disasscmbled.Thc use of threaded fasteners (e.g..screws, bolts, nuls) are important 
traditional methods in this category. Other mechanical assembly lechniques that form a 
permanent conncction include livets,press fitting, and expansion fits. Special assembly 
methods are used in electronics. Some of the methods are identical to or adaptations of the 
aboVe lechniques. For example. soldering is »idely used in electronics assembly. Electron¬ 
ics assembly is concemcd primarily with the assembly of components (e.g., integrated Cir¬ 
cuit packages) to primed Circuit boards to produce the complex circuits used in so many 
of todays products. 
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2.2.2 Other Factory Operations 

Other activities that must be performed in the factory include material handling and stor¬ 
age, inspection and testing, and coordination and Control. 

Material Handling and Storage. A means of moving and storing materials be- 
tween processing and/or assembly operations is usually required. In most manufacturing 
plants, materials spend more time being moved and stored than being processed. In some 
cases, the majority of the labor cost in the factory is consumed in handling, moving, and stor¬ 
ing materials. It is imporlant that this function be carried out as efficiently as possible. In 
Part II of our book, we consider the material handling and storage technologies that are 
used in factory operations. 

Eugene Merchant, an advocate and spokesman for the machine tool industry for 
many years,observed that materials in a typical metal machining batch factory or jobshop 
spend more time waiting or being moved than in processing [3]. His observation is illustrated 
in Figure 23. About 95% of a part’s time is spent either moving or waiting (temporary stor¬ 
age). Only 5% of its time is spent on the machine tool. Of this 5%, less than 30% of the 
time on the machine (1.5% of the total time of the part) is time during which actual cut- 
ting is taking place.The rcmaining 70% (3.5% of Ihe total) is required for loading and un- 
loading, part handling and positioning, tool positioning, gaging, and other elements of 
nonprocessing time.These time proportions provide evidence of the significance of mate¬ 
rial handling and storage in a typical factory. 

Inspection and Test. Inspection and test are quality control activities. The pur- 
pose of inspection is to determine whether the manufactured producl meets the estab- 
lished design standards and specifications. For example, inspection examines whether the 
actual dimensions of a mechanical part are within the tolerances indicated on the engi¬ 
neering drawing for the part. Testing is generally concerned with the functional specifica¬ 
tions of the final product rather than with the mdividual parts that go into the product. 
For example, final testing of the product enstres that it functions and operates in the man- 
ner spccified by the product designer. In Fart IV of this text, we examine the inspection and 
testing function. 
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Coordination and Control. Coordination and control in manufacturing includes 
hoth the rcgulation of individual processing and assembly operations as well as the man¬ 
agement of plant level activities. Control at the process level involves the achievement of 
certain pcrformancc objectives by properly manipulating the inputs and other parameters 
of the process. Control at the process level is discussed in Part I of the book. 

Control at the plant level includes effective use of labor, maintenance of the equip- 
mcnt, movir.g materials in the factory, conlrolling inventory, shipping products of good 
quality on Schedule, and keeping plant operating costs at a minimum possible level. The 
manufacturing Control function at the plant level represents the major point of interseclion 
between the physical operations in the factory and the information processing activities that 
occur in production. We discuss many of these plant and enterprise level conlrol functions 
in Parts IV and V. 


2.3 PRODUCT/PRODUCTION RELATIONSHIPS 

Companies organize their manufacturing operations and production systems as a function 
of the particular products they make. It is instructive to recognize that there are certain 
product parameters »hat are influential in determining how the products arc manufactured. 
Let us consider four key parameters: (1) production quantity, (2) product variety, (3) com- 
plexity of assembled products, and (4) complexity of individual parts. 

2.3.1 Production Quantity and Product Variety 

We previously discussed production quantity and product variety in Chapter 1 (Section 
1.1). Let us develop a set of symbols to represent these important parameters. First, let 
Q = production quantity and P = product variety. Thus we can discuss product variety 
and production quantity relationships as PQ relationships. 

Q refers to the number of units of a given part or product that are produced annual- 
ly by a plant. Our inlerest includes both the quantities of each individual part or product 
style and the total quantity of all styles. Let us identify each part or product style by using 
the subscript j, so that Q, = annual quantity of style j. Then let Q, = total quantity of all 
parts or products made in the factory. Q, and Q ; are related as follows: 

Qt - SS, (2.1) 


where P - total number of different part or product styles, and j is a subscript to identify 
products,/ = 1,2 

P refers to the different product designs or types that are produced in a plant. It is a 
parameter thai can be counted.and yet we recognize that the difference between products 
can be great or small. In Chapter 1, we distinguished between hard product variety and 
soft product variety. Hard product variety is when the products differ substantially. Soft 
product variety is when there are only small differences between products. Let us divide the 
parameter P into two levels. as in a tree structure. Call them PX and P2. PI refers to the num¬ 
ber of distinet product lines produced by the factory, and P2 refers to the number of mod¬ 
els in a product line. PI represents hard product variety, and P2 is for soft variety. 
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EXAMPLE 2.1 Product Lines PI and Product Models P2 

A company spccializcs in tonsumcr photographic products. It products only 
camcras and projectors.Thus PI = 2. (n its camera line il offers 15 different 
models, and in its projeclor line it offers five models. Thus for cameras, P2j = 15. 
and for projectors. P2> = 5.The totalily of product models offered is given by: 

p = 2 n , = X p2 i = 15 + 5 = 20 (2.2) 


2.3.2 Product and Part Complexity 

How complex is cach product made in the plant" Product complexity is a complicated 
issuc. It has both qualitativc and quantitative aspects. Let us dcal with it using quantitativc 
measures. For an assembled product. one possible indicator of product complexity is its 
number oi componcnts—the more parts, the more complex the product is. This is easily 
demonstrated by comparing the numbers of componems in various assembled products. as 
in Table 2.4. Our list demonstrates that the more components a product has. the more com¬ 
plex it tends to be. 

For a fabricated component, a possible measure of part complexity it the number of 
processing steps rcquired to produce it. An integrated Circuit, which is tcchnically a mono- 
lithic Silicon chip with localized alterations in its surface chemistry, requires hundreds of pro¬ 
cessing steps in itsfabrication.Although it may measure only 9 mm (3/8 indi)on a side and 
is 0.5 mm (0.020 inch) thick. its complexity is orders of magnitude greater than a round 
washer of 9 mm (3/8 inch) outside diameter, stamped out of 0.80-mm (1/32-inch) thick 
stainlcss Steel in one step. In Table 2.5. we have compiled a list of manufactured parts with 
the lypical number of processing operations that would be required for cach. 

So, we have complexity of an assembled product defined as the number of distinet 
components; let n p = the number of parts per product. And we have processing com¬ 
plexity of each part as the number of operations required to make it; let n„ = the number 
of operations or processing steps to make a part. Wecan draw some distinetions amongpro- 
duction plants on the basis of n p and n„. As defined in Table 2.6, three different types of plant 
can be identified: parts producers, pure assembly plants. and vertically integraled plants. 


TABLE 2.4 Typical Number of Separate Components in Various 
Assembled Products (Compiled from [21,14], and Other Sources) 


Product (Approx. Date or Circa) 

Approx. Nucnoer 
o f Components 

Mecharical pencil (modern) 

10 

Ball bearing (modern) 

20 

Riflet 1800) 

50 

Sewing machine (1875) 

150 

Bicycle Chain 

300 

Bicycle (modern) 

750 

Early automobile (1910) 

2000 

Automobile (modern) 

20,000 

Commercial airplane (1930) 

100,000 

Commercial airplane (modem) 

1,000,000 

Space shuttle (modern) 

10,000,000 
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TABLE 2.5 Typical Number of Processing Operations Required To Fabricate Varioos Parts 


Approx. Number o f Typical Processing 

Part Processing Operations Operations Used 


Plastic molded part 

Washer (stainless Steel) 
Washer (plated Steel) 

Forged part 

Pump shaft 

Coated Carbide cutting toot 

Pump housing, machined 
V-6 engine block 

Integrated Circuit chip 

1 

2 

3 

10 

15 

20 

50 

75 

Injection molding 

Stamping 

Stamping, electropiating 

Heating, forging, trimming 

Mach i ring (from bar stockl 

Pressing, sintering, coating, 
grinding 

Casting, machining 

Casting, machining 
Photolithography, various 
thermal and Chemical processes 

TABLE 2.6 Production Plants Distin gu is hed by 

n 0 and n 0 Values 

Type o f Plant 

Parameter Values 

Description 

Parts producer 

n p = 1, n, > 1 

This type of plant produces individuel 
components, and each component 
requires multiple processing steps. 


n„ > 1, n B = 1 

A pure assembly plant produces no 
parts. Instead, it purchases all parts 
from suppliers. In this pure case, we 
assume that one operation is 
required to assemble each part to the 
product (thus, n 0 = 1). 

Vertically Integrated plant 

n„> 1, n e > 1 

The pure plant of this type makes all its 
parts and assembles them into its 
final products. This plant type also 
includes intermediate suppliers that 
make assembled items such as ball 
bearings, car seats, and so on for 
final product assembly plants. 


Let us developsome simple relationships among the parameters P, Q, /i^.and n„ thai 
indicate the level of activity in a manufacturing plant. We will ignore the differences between 
PI and P2 here. The total number of products made annually in a plant is the sum of the 
quantities of the ittdtvidual product designs, as expressed in previous Eq. (2.1). Assuming 
that the products are all assembled and that all component parts used in these products are 
made in the plant (no purchased components). then the total number of parts man ufaet ured 
by the plant per year is given by: 


n n * 5jG." w (2.3) 

where n pf = total number of parts made in the factory (pc/yr), £>, = annual quantity of 
product style j (products/yT>, and n pj - number of parts in product j (pc/product). 
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Finally, if all parts are manufactured in the plani, then the total number of process¬ 
ing operations pcrformed by the plant is given by: 

«.,= ||2,b„Jx* (2-4) 

where n a f = total number of operation cycles performed in the factory (ops/yr), and 
tiojk = number of processing operations for each part k . summed over the number of parts 
in product j, n p/ . Parameter n„ f provides a numerical value for the total activity leve) in 
the factory. 

We might try to simplify this to betler conceptualize the situation by assuming that the 
number of product designs P are produced inequal quantities Q,all products have the same 
number of components m,, and all components require an equal number of processing steps 
n 0 . In this case, the total number of product units produced by the factory is given by: 

Q, = PQ (2.5) 

The total number of parts produced by the factory is given by: 


n„f = PQn p (2.6) 

And the total number of manufacturing operation cycles performed by the factory 
is given by: 


n of = PQn,n c (2.7) 

Using these simplified equations, consider the foliowing example. 

EXAMPLE 2.2 A Manufacturing Operations (and Production Systems) Problem 

Suppose a company has designed a new product line and is planning to build a 
new plant to manufacture this product line.The new line consists of 100 differ- 
ent product types, and for each product type the company wants to produce 
10.000 units annually.The products average 1000 components each, and the av¬ 
erage number of processing steps required for each component is 10. All parts 
will be made in the factory. Each processing step takes an average of 1 min. De- 
termine: (a) how many products. (b) how many parts, and (c) how many pro¬ 
duction operations will be required each year, and (d) how many workers will 
be needed for the plant, if it operates one shift for 250 day/yr? 

Solution: (a) The total number of units to be produced by the factory is given by Eq (2.5): 

Q = PQ = 100 x 10,000 = 1,000,000 products annually. 

(b) The total number of parts produced is: 

n„ r = PQn p = 1,000.000 x 1000 = 1,000,000,000 parts annually. 

(c) The number of distinet production operations is: 

"o, = p Qn„n 0 = 1,000,000,000 x 10 = 10,000,000,000 operations. 
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(d) Let us try to estimate the number of workers required. First consider the 
total time to perform these operations. If each operation takes 1 min (1/60 hr). 
Total time = 10,000,000.000 X 1/60 = 166,666,66? hr 
If each worker works 2000 hr/yr (40 hr/wk X 50 wk/yr), then the total num¬ 
ber of workers required is: 

166,666,667 . 

w = ———— = 83333 workers. 


The factory in our example is a fully Integrated factory. It would be a hig factory.The 
number of workers we have calculated only includes direct labor. Add indirect labor, staff, 
and management, and the number inereases to well over 100,000 employees. Imagine the 
parking lot. And inside the factory, the logistics problems of dealing with all of the prod¬ 
ucts, parts, and operations would be overwhelming. No organization in its right mind would 
consider building or operating such a plant today—not even the federal government. 

2.3-3 Limitations and Capabilities of a Manufacturing Plant 

Companies do not altempt ihc kind of factory in our example. Instcad, today’s factory is 
designed with a mueh more specific mission. Referred to as a focused factory [6], it is a 
plant which concentrates “on a limited, concise, manageable set of products, technologies, 
volumes,and markets" It is a recognition that a manufacturing plant cannot doeverything. 
It must limit its mission only to a certain scope of products and activities in which it can best 
compete. Its size is typically limited to about 500 workers,although that number may vary 
widely for different types of products and manufacturing operations. 

Let us consider how a plant, or its parent company, limits the scope of its manufac¬ 
turing operations and production systems. In limiting its scope, the plant in effeet makes a 
set of deliberate decisions about what it will not try to do. Certainly one way to limit a 
plant's scope is by avoiding being a fully integrated factory, at least to the extent of our Ex 
ampie 2.2. Instead, it specializes in being either a parts producer or an assembly plant. Just 
as it decides what it will not do, the plant must also decide on the specific technologies, 
products. and volumes in which it will specialize. These decisions define the plant's in- 
tended manufacturing capability. Manufacturing capability refers to the technical and phys- 
ical limitations of a manufacturing firm and each of its plants. We can identify several 
dimensions of this capability: (1) technological processing capability, (2) physical size and 
weight of product. and (3) production capacity. 

Technological Processing Capability. The technological processing capability of 
a plant (or company) is its availablc set of manufacturing processes. Certain plants per¬ 
form machining operations, others roll sted billets into sheet stock, and others build au¬ 
tomobiles. A machine shop cannot roll Steel, and a rolling miil cannot build cars.The 
underlying feature that distinguishes these plants is the set of processes they can perform. 
Technological processing capability is closely related to the material being processed. Cer¬ 
tain manufacturing processes are suited to certain materials, while other processes are suit- 
ed to other materials. By spccializing in a certain proccss or group of processes, the plant 
is simultaneously sperializing in a certain material type or range of materials. 

Technological processing capability includes not only the physical processcs,but also 
ihc expertise possessed by plant personnet in these processing technologies. Companies are 
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limited by their available processes.They must focus on designing and manufacturing prod- 
ucts for which their technological processing capability provides a competitive advantage. 

Physical Product Limitations. A second aspect of manufacturing capability is im- 
posed by the physical product. Given a plant with a ccrtain set of processes, there are size 
and weight limitations on the products that can be accommodated in the plant. Big, heavy 
products are difhcult to move. To move products about, the plant must be equipped with 
cranes of large load capacity. Smaller parts and products made in large quantities can be 
moved by conveyor or fork lift truck.The limitation on product size and weight extends to 
the physical capacity of the manufacturing equipment as well. Produclion machines come 
in different sizes. Larger machines can be used to process larger parts. Smaller machines 
limit the size of the work that can be processed.The set of production equipment, mater- 
ial handling, storage capability, and plant size must be pianned for products that lie with- 
in a certain size and weight range. 

Production Capacity. A third limitation on a plant’s manufacturing capability is the 
production quantity that can be produced in a given time period (e.g.,month or year).This 
quantity limitation is commonly called plant capacity, or production capacity. which is de- 
fined as the maximum rate of production per period that a plant can achieve under as- 
sumed operating conditions-Thc operating conditions refer to number of shifts per wcck, 
hours per shift, direct labor manning levels in the plant, and similar conditions under which 
the plant has been designed to operate. These factors represent inputs to the manufactur¬ 
ing plant. Given these inputs, how mueh output can the factory produce? 

Plant capacity is often measured in terms of output units, such as annual tons of Steel 
produced by a steel miil, or number of cars produced by a final assembly plant. In these 
cases, the outputs are horaogeneous, more or less In cases where the output units are not 
homogeneous, other factors may be more appropriate measures, such as available labor 
hours of productive capacity in a machine shop that produces a variety of parts. 


2.4 PRODUCTION CONCEPTS AND MATHEMATICAL MODELS 

A number of production concepts are quanlitative, or they require a quantilative approach 
to measure them. The purpose of this section is to define some of these concepts. In sub- 
sequent chapters. we refer back to these production concepts in our discussion of specific 
topics in automation and production systems. The models developed in this section are 
ideal, in the sense that they neglect some of the realities and complications that are present 
in the factory. For example, our models do not include the effeet of scrap rates In some man¬ 
ufacturing operations, the percentage of scrap produced is high enough toadversely affed 
production rate, plant capacity, and product costs Most of these issues are considered in later 
chapters as we focus on specific types of production systems. 

2.4.1 Production Rate 

The production rate for an individual processing or assembly operation is usually expressed 
as an hourly rate, that is, parts or products per hour. Let us consider how this rate is de¬ 
termined for the three types of production: job shop production, batcb production, and 
mass production. 
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For any production operation, the operation cycleiime T c is defined as the time that 
onc work unit spcnds being processed or assembled. It is the time between when one work 
unit begins processing (or assembiy) and when the next unit begins. T c is the time an indi- 
viduai part spcnds at the machine, but not all of this time is productive (recall the Merchant 
study, Section 2.2.2). Ln a typical processing operation, such as machining, T c consists of: (1) 
actual machining operation time. (2) workpart handling lime, and (3) lool handling time per 
workpiece. As an equation.this can be expressed: 

T e = T„+T k + T, k (2.8) 

wherc T, = operation cycle time (min/pc). T„ = time of the actual processing or assem 
bly operation (min/pc). T h = handling time (min/pc), and T& = tool handling time 
(min/pc). The tool handling time consists of time spent changing tools when they wear 
out. time changing from onc tool to the next, tool indexing time for indexable inserts or for 
tools on a turret lathe or turret dril!, tool repositioning for a next pass, and so on. Some of 
these lool handling activities do not occur every cycle; therefore, they must be spread over 
the number of parts between their occurrences to obtain an average time per workpiece. 

Each of the terms, T 0 , 7*. and has its counterpart in other types of discrete-item 
production.Therc is a portion of the cycle when the part is actually being processed ( T„)\ 
there is a portion of the cycle when the part is being håndled (7 t ); and there is, on aver¬ 
age, a portion when the tooling is being adjusted or changed ( T,„ ). Accordingly, we can 
generalize Hq. (2.8) to cover most processing operations in manufacturing. 

Let us first considcr the batch production case and then consider the job shop and 
mass production. In batch production. the time to process one batch consisting of Q work 
units is the sum of the setup time and processing time; that is. 

T„ = r„ + QT, (2.9) 

where 7 0 = batch processing time (min), T u = setup time to prepare for the batch (min), 
Q = batch quantity (pc), and T, = operation cycle time per work unit (min/cycle).We as- 
sume that one work unit is completed each cycle and so T c also has units of min/pc. If more 
than one part is produced each cycle, then Eq. (2.9) must be adjusted accordingly. Divid- 
ing batch time by batch quantity, we have the averagc production time per work unit T p for 
the given machine: 


T p 


7j 

Q 


( 2 . 10 ) 


The average production rate for the machine is simply the reciprocal of production lime. 
It is usually expressed as an hourly rate: 


r p 


60 

T p 


( 2 . 11 ) 


where R p - hourly production rate Ipc/hr), T p = average production time per minute 
(min/pc). and the constant 60 converts minutes to hours. 

For job shop production when quantity Q = 1, the production time per work unit is 
the sum of setup and operation cycle times: 


T P = T n + T c 


( 2 . 12 ) 
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For job shop production when tbe quantity is greater than one, then this reverts to the 
baich production case discussed above. 

For quantity type mass production, we can say that the production rate equals the 
cycle rate of the machine (reciprocal of operation cycle time) after production is underway 
and the cffccts of setup time become insignificant. That is. as Q becomes very large, 
(T„/Q) —» 0 and 



where R c = operation cycle rate of the machine (pc/hr), and T e = operation cycle 
time (rain/pc). 

For flow line mass production, the production rate approximates the cycle rate of the 
production line. again neglecting setup time. However, the operation of production lines is 
complicated by the intcrdcpcndcncc of the workstations on the line. One complication is 
that it is usually impossible to divide the total work equally among all of the workstations 
on the Bne;therefore, one station ends up with the longest operation time, and this station 
sets the pace for the entire line. The term bottleneck station is sometimes used to refer to 
this Station. Also included in the cycle time is the time to move parts from one slatioo to 
the next at the end of each operation. In many production lines, all work units on the line 
are moved simultaneously, each to its respective next station.Taking these factors into ac- 
count, the cycle time of a production line is the sum of the longest processing (or assem- 
bly) time plus the time to transfer work units between stations. This can be expressed: 

T c = T, + Max T„ (2.14) 

where T c = cycle time of the production line (min/cycle), T, = time to transfer work unils 
belwecn stations each cycle (min/pc), and Max T 0 = operation time at the bottleneck sta¬ 
tion (the maximum of the operation times for all stations on the line, min/cycle). Theo- 
retically, the production rate can be determined by taking the reciprocal of T, as follows: 



where R e = theoretical or ideal production rate, but let us call it the cycle rate to be more 
precise (cydes/hr), and T c = ideal cycle time from Eq.(2.14) (min/cycle). 

Production lines are of two basic types: (1) manual and (2) automated. In the oper¬ 
ation of automated production lines, another complicating factor is reliability. Poor relia- 
bility reduces the available production time on the line. This results from the 
interdependence of workstations in an automated line, in which the entire line is forced to 
stop when one station breaks down. The actual average production rate R p is reduced to 
a value that is often substantially below the ideal R c given by Eq. (2.15). We discuss relia¬ 
bility and some of its terminology in Section 2.4.3. The effeet of reliability on automated 
production lines is examined in Chapters 18 and 19. 

It is important to design the manufacturing method to bc consistent with the pace at 
which the cusiomer is demanding the part or product, sometimes referred to as the takt 
time (a German word for cadence or pace). The takt time is the reciprocal of demand rate, 
but adjusted for the available shift time in the factory. For example, if 100 product units 
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were demanded from a customer each day.and the factory operated one shift/day.with 
400 min of time available per shifi, then the takt time would be 400 min/100 units = 4.0 
min/work unit. 

2.4.2 Production Capacity 

Wc mentioned production capacity in our discussion of manufacturing capabilities (Section 
2.3.3). Production capacity is defined as the maximum rate of output that a production fa- 
cility (or production line, work center, or group of work centers) is able to produce under 
a given set of assumed operating conditions-The production facility usually refers to a 
plant or factory, and so the term plant capacity is often used for this measure. As mentioned 
before. the assumed operating conditions refer to the number of shifts per day (one, two. 
or three), number of days in the weck (or month) that the plant operates, employment lev¬ 
els, and so forth. 

The number of hours of plant operation per week is a critical issue in defining plant 
capacity. For continuous Chemical production in which the reactions occur at elevated tem¬ 
peratures, the plant is usually operated 24 hr/day, 7 day/wk. For an automobile assembly 
plant, capacity is typically defined as one or two shifts. In the manufacture of discrete parts 
and products, a growing trend is to define plant capacity tor the full 7-day week, 24 hr/day. 
This is the maximum time available (168 hr/wk), and if the plant operates fewer hours 
than the maximum. then ils maximum possible capacity is not being fully utilized. 

Ouantitative measures of plant capacity can be developed based on the production 
rate models dcrived earlier. Let PC = the production capacity of a given facility under 
consideration. Let the measure of capacity = the number of units prod uced per week. Let 
n = the number of machines or work centers in the facility. A work center is a manufac¬ 
turing system in the plant typically consisting of one worker and one machine. It might 
also be one automated machine with no worker, or multiple workers working together on 
a production line. It is capable of producing at a rate R p unit/hr, as defined in Section 2.4.1. 
Each work center operates for H hr/shift. Provision for setup time is included in R„, ac- 
cording to Eq. (2.11). Let S denote the number of shiits per week.These parameters can 
be combincd :o calculate the production capacity of the facility: 

PC = n SHR„ (2.16) 

where PC = production capacity of the facility (output units/wk), n = number of work 
centers producing in the facility..? = number of shifts per period (shift/wk),// = hr/shift 
(hr), and R r = hourly production rate of each work center (output units/hr). Although 
we have used a week as the time period of interest, Eq. (2.16) can easily be revised to adopt 
other periods (monihs, years, etc.). As in previous equations, our assumption is that the 
units processed through the group of work centers are homogeneous, and therefore the 
value of R p is the same for all units produced. 

EXAMPLE 2.3 Production Capacity 

The turret lathe section has six machines. all devoted to the production of the 
same part. The section operates 10 shift/wk. The number of hours per shift av¬ 
erages 8.0. Average production rate of each machine is 17 unit/hr. Dctermine 
the weckly production capacity of the turret lathe section. 
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Solution; From Eq. (2.16), 

PC = 6(1U)(8.0)(17) = 8160 output unil/wk 


Ifweinclude thepossibility that each work unit is routed through n„ operations, with 
cach operation rcquiring a new setup on cithcr the same or a differem machinc, then tbc 
plant capacity cquation must be amended as follows: 



where n 0 = number of distinet operations through which work units are routed, and the 
oiher terms have the same meaning as before. 

Equation (2.17) indicates the operating parameters that affeet plant capacity. Changes 
that can bc made to inerease or decrease plant capacity over the short term are: 

1. Change the number of shifts per week (5). For example, Saturday shifts might be au- 
thorized to temporarily inerease capacity. 

2. Change the number of hours worked per shift (//). For example, overtime on each 
regular shift might be authorized to inerease capacity 

Over the intermediate or longer term. the following changes can be made to inerease plant 
capacity: 

3. Inerease the number of work centers, n. in the shop. This might be done by using 
equipment that was formerly not in use and hiring new workers. Over the long term, 
new machines might be acquired. Decreasing capacity is easier, except for the social 
and economic impact: Workers must be laid off and machines decommissioned. 

4. Inerease the production rate, R„ by making improvements in methods or process 
technology. 

5. Reduce the number of operations n 0 required per work unit by using combined op¬ 
erations, simultaneous operations, or integration of operations (Section 1.5.2: strate¬ 
gies 2.3, and 4). 

This capacity model assumes that all n machines are producing 100% of the time, 
and there are no bottleneck operations due to variations in process routings to inhibit 
smooth flow of work through the plant. In real batch production machine shops whete 
each product has a different operation sequence, it is unlikely that the work distribution 
among the productive resources (machines) can be perfeetly balanced. Consequently, there 
are some operations that are fully utilized while other operations occasionally stand idle 
waiting for work. Let us examine the effeet of utilization. 


2.4.3 Utilization and Availability 

Utilization refers to the åmount of output of a production facility relative to its capacity. 
Expressing this as an equation. 


(2.18) 
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where U = utilization of the fadli ty, g = actual quantity produced by the facility during a 
given time period(i.c.,pc/wk).and PC — production capacily for the same period (pc/wk). 

Utilization can bc assessed for an cntire plant, a single machine tn the plant, or any 
other productivc resource (i.e., labor). For convenience, it is often defined as the propor¬ 
tion of lime that the facility is operating relative to the time available under the definition 
of capacily. Utilization is usually expiessed as a percentage. 


EXAMPLE 2.4 Utilization 

A production machine operates 80 hr/wk (two shifts, 5 days) at full capacity. Its 
production rate is 20 unit/hr. During a certain week, the machine produced 
1000 parts and was idle the remaining time. (a) Determine the production ca¬ 
pacity of the machine. (b) What was the utilization af the machine during the 
week under consideration? 

Solution: (a) The capacity of the machine can be determined using the assumed 80-hr 
week as follows: 


PC = 80(20) = 1600 unit/wk 

(b) Utilization can be delermined as the ratio of the number of parts made by 
the machine relative to its capacity. 


U = 1000/1600 = 0.625 (62.5%) 

The alternative way of assessing utilization is by the time during the week that 
the machine was actually used.To produce 1000 units, the machine was operaled 


1000 pc 

H = .. = 50hr 

20 pc/hr 


Utilization is defined relative lo the 80 hr available. 


V = 50/80 = 0.625 (62.5%) 


Avaitability is a common measure of reliability for equipment. It is especially appro- 
priate for automated production equipment. Availability is defined using two other relia¬ 
bility terms, meart time between failure (MTBF) and tman time to repair (MTTR). The 
MTBF indicates the average length of time the piece of equipment runs between break¬ 
downs. The MTTR indicates the average time required to service the equipment and put 
it back into operation when a breakdown occurs. Availability is defined as follows: 


MTBF - MTTR 
MTBF 


(2.19) 


where A - availability. MTBF = mean time between failures (hr), and MTTR = mean 
time to repair (hr). Availability is typically expressed as a percentage. When a piece of 
equipment is brand new (and being debugged). and later when it begins to age, its avaii- 
ability tends to be lower. 
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EXAMPLE 2.5 Effect of Utilization and Availability on Plant Capadty 

Consider previous Example 2.3. Suppose the same data from that example were 
applicable, but that the availability of the machines A = 90%, and the utiliza- 
tion of the machines U — 80%. Given this additional data, compute the ex- 
pected plant output. 

Solution: Previous Eq. (2.16) can be altered to include availability and utilization as follows: 

Q = AU{nSHR p ) (2.20) 

where A = availability and U = utilization. Combining the previous and new 
data, we have 

Q = 0.90(0.80)(6)(1U)(8.0)(17) = 5875 output unit/wk 


2.4.4 Manufacturing Lead Time 

In the competitive environment of modern business, the ability of a manufacturing firm to 
deliver a product to the customer in the shorlest possible time often wins the order. This 
time is referred to as the manufacturing lead time. Specificaliy. we define manufacturing lead 
time (MLT) as the total time required to process a given part or product through the plant. 
Let us examine the components of MLT. 

Production usually consists of a series of individual processing and assembly opera¬ 
tions. Between the operations are malerial handling, storage, inspections, and other non- 
productive activities. Let us thercfore divide the activities of production into two main 
categories, operations and nonoperation elements. An operation is performed on a work 
unit when it is in the production machine.The nonoperation elements include handling, tem- 
porary storage, inspections, and other sources of delay when the work unit is not in the 
machine. Let T t = the operation cycle time at a given machine or workstation, and 
T no = the nonoperation time associated with the same machine. Further, let us suppose 
that the number of separate operations (machines) through which the work unit must be 
routed to be completely processed = n a . If we assume batch production, then there are Q 
work units in the batch. A setup is generally required to prepare each production machine 
for the particular product, which rcquires a time = T m . Given these terms, we can define 
manufacturing lead time as: 

MLT, - f [T m t Q,T„ + Tj) (2.21) 

where MLT, = manufacturing lead lime for part or product j (min), T ml , = setup time for 
operation i (min), Q : = quantity of part or product j in the batch being processed (pc), 
Ta, = operation cycle time for operation i (min/pc), T mji = nonoperation time associat¬ 
ed with operation i (min), and i indicates the operation sequence in the processing; i = 1,2, 
...,n oj . The MLT equation does not include the time the raw workpart spends in storage be¬ 
fare its turn in the production Schedule begins. 

To simplify and generalize our model, let us assume that all setup times, operation 
cycle times, and nonoperation times are equal for the n nj machines. Further, let us suppose 
that the batch quantities of all parts or products processed through the plant are equal and 
that they are all processed through the same number of machines, so that n oi = n . With 
these simplifications, Eq. (2.21) becomes: 



Sec. 2.4 / Production Concepts and Mathematical Models 47 

MLT = n e {T„ + QT, + rj (2.22) 

where MLT = averagc manufacturing lead lime for a part or product (min). 

In an aclual batch production factory, which this equation is intended to represent, 
the terms n 0 .Q, T a . T c ,and T„ 0 would vary by product and by operation.These variations 
cnn be accounted for by using property weighted average values of the various terms. The 
averaging procedure is explained in the Appendix at the end of this chapter. 

EX AMPLE 2.6 Manufacturing Lead Time 

A ccrtain part is produced in a batch size of 100 units. The batch must be rout- 
ed through five operations to complete the processing of the parts. Average 
setup time is 3 hr/operation, and average operation time is 6 min (0.1 hr). Av- 
crage nonoperation time due to handling,delays, inspections,etc., is 7 hours for 
each operation. Determine how many days it will take to complete the batch. 
assuming the plant runs one 8-hr shift/day. 

Solution; The manufacturing lead time is computed from Eq. (2.22) 

MLT = 5(3 + 100 x 0.1 + 7) = 100 hours 
Al 8 hr/day, this amounts to 100/8 = 12.5 days. 


Equation (2.22) can be adapted for job shop production and mass production by 
making adjustments in the parameter values. For a job shop in which the batch size is one 
(Q = 1).Eq.(2.22) becomes 

MLT = n a {T su + T, + T„) (2.23) 

For mass production, the Q term in Eq. (2.22) is very large and dominates the other 
terms. In the case of quantity type mass production in which a large number of units are 
made on a single machine («„ = I), the MLT simply becomes the operation cycle time for 
the machine after the setup has been completed and production begins. 

For flow line mass production, the entire production line is set up in advance. Also, 
the nonoperation time between processing steps is simply the transfer time T, to move the 
part or product from one workstation to the next. If the workstations are integrated so 
that all stations are processing their own respeclive work units, then the time to accomplish 
all of the operations is the time it takes each work unit to progress through all of the sta¬ 
tions on the Ikte. The station with the longest operation time sets the pace for all stations. 

MLT = n,(T r + Max T„) = n a T c (2.24) 

where MLT = time between start and completion of a given work unit on the line (min). 
n„ = number of operations on the line: T, = transfer time (min), Max TV = operation time 
at the bottleneck station (min) and T c - cycle time of the production line (min/pc). 
T r = T r + Max T„ from Eq. (2.14). Since the number of stations is equal to the number of 
operations (n = n,), Eq. (2.24) can also be stated as follows: 


MLT = n{T r + Max T„) = nT e 


(2.25) 
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where the symbols have the same meaning as above, and we have substituted n (number 
of workstations or machines) for number of operations n„. 

2.4.5 Work-in-Process 

Work-in-process (WIP) is the quantity of parts or products currcntly locatcd in the facto- 
ry that are eitherbeing processed or are between processing operations. WIP is inventoty 
that is in the State of being transformed from raw material to finished product. An ap- 
proximate measure of work-in-process can be obtained from the following, using terms 
previously defined: 

wlP = *Kn (2 , 6) 

where WIP = work-in-process in the facility (pc), A = availability, U = utilization, 
PC = production capacity of the facility (pc/wk), MLT = manufacturing lead time, (wk), 
S = number of shifts per week (shift/wk), and H = hours per shift (hr/shifl). Equation 
(2.26) States that the level of WIP equals the rate at which parts flow through the factory 
multiplied by the length of lime the parts spend in the factory. The units for ( PC)/SH 
(e.g., pc/wk) must be consistent with the units for MLT (e.g.,weeks). 

Work-in-process represents an investment by the firm, but one that cannot be lumed 
into revenue until all processing has been completed. Many manufacturing companies sus- 
tain major røsts because work remains in-process in the factory too long. 

2.5 COSTS OF MANUFACTURING OPERATIONS 

Decisions on automation and production systems are usually based on the relative costs of 
alternatives. In this section we examine how these costs and cost factors are determined. 

2.2.1 Fix«d and Variable Costs 

Manufacturing costs can be classified into two major categories: (1) fixed costs and (2) 
variable costs. A fixed cosl is one that remains const ant for any level of production output. 
Examples indude the cost of the factory building and production equipment, insurance, and 
property taxes. All of the fixed costs can be expressed as annual amounts. Expenses such 
as insurance and property taxes occur naturally as annual costs. Capital investments such 
as building and equipment can be converted to their equivalent uniform annual costs using 
interest rate factors. 

A variable cosi is one that vanes in proportion to the level of production output. As 
output inereases, variable cost inereases. Examples include direct labor, raw materials, and 
elcctric power to operate the production equipment. The ideal concept of variable cost is 
that it is direetly proportional to output level. When fixed cost and variable cost are added, 
we have the following total cost equation: 

TC = FC + VC{Q) (2.27) 

where TC = total annual cost ($/yr), FC = fixed annual cost ($/'yr), VC = variable cost 
($/pc),andi2 = annual quantity produced (pc/yr). 
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Figure 2.4 Fixed and variable costs as a function of production out¬ 
put for manual and automated production methods. 

When comparing automated and manual production methods (Section 1.4), it is typ- 
icol that the fixed cost of the automated method is high relative to thc manua! method, and 
the variable cost of automation is low relative to the manual method, as pictured in Figure 
2.4. Conscquently, the manual method has a cost ad vantage in the low quantity range, while 
automation has an advantagc for high quantities.This reinforces the arguments presented 
in Section 1.4.1 on the appropriateness of manual labor for certain production situations. 

2.5.2 Direct Labor. Material, and Overhead 

Fixed versus variable are not the only possiblc classifications of costs in manufacturing. 
An alternative classification separates costs into: (i) direct labor, (2) material, and (3) over¬ 
head. This is often a more convenient way to analyze costs in production. The direct labor 
cost is the sum of the wages and bencfits paid to the workers who operatc the production 
equipmenl and perform the processing and assembly tasks.The material cost is the cost of 
all raw materials used to make the product. In the case of a stamping plant, the raw mate¬ 
rial consists of the Steel sheet stock used to make stampings. For the rolling mili that made 
the sheet stock, the raw material is the iron ore or scrap iron out of which the sheet is 
rolied. In the case of an assembled product, materials include component parts manufac- 
tured by supplier firms.Thus. the definition of “raw material" depends on the company.The 
final product of one company can be the raw material for another company. In terms of fixed 
and variable costs, direct labor and material must be considered as variable costs. 

Overhead costs are all of the other expenses associated with running the manufac¬ 
turing firm. Overhead divides into two categories: (1) factory overhead and (2) corporate 
overhead. Factory overhead consists of the costs of operating the factory other than direct 
labor and materials. The types of expenses included in this category are listed in Table 2.7. 
Factory overhead is treated as fixed cost, although some of the items in our list could be 
correlated with the output level of the plant. Corporate overhead is the cost of running the 
company other than its manufacturing activities. A list of typical corporate overhead ex- 
penses is presenieil in Table 2.8. Many companies operate more than one factory, and this 
is one of the reasons for dividing overhead into factory and corporate categories. Differ- 
ent factories may have significantly different factory overhead expenses. 
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TABLE 2.7 Typical Factory Overhead Expenses 


Plant supervision 
Line foreman 
Maintenance crew 
Custodial services 
Security personnel 
Tool crib atten dan’ 
Material handling 
Shipping and receiving 


Applicable taxes 
Insurance 

Heat and air conditioning 
Light 

Power for machinery 
Factory depreciation 
Equipment depreciation 
Fringe benefits 


TABLE 2,8 Typical Corporate Overhead Expenses 


Corporate executives 
Sales and marketing 
Accounting department 
Finance department 
Legal counsel 
Engineering 

Research and development 
Other support personnel 


Applicable taxes 
Cost of office Space 
Security personnel 
Heat and air conditioning 
Light 
Insurance 
Fringe benefits 
Other office costs 


J.T. Black [2] provides some typical percentages for the different types of manufac¬ 
turing and corporate expenses. These are presented in Figure 2,5. We might make several 
observations about these data. First, total manufacturing cost represents only about 40% 
of the product’s selling price. Corporate overhead expenses and total manufacturing cost 
arc about equal. Second, materials (and parts) make up the largest percentagc of total man¬ 
ufacturing cost, at around 50%. And third, direct labor is a relatively small proportion of total 
manufacturing cost: 12% of manufacturing cost and only about 5% of final selling price. 

Overhead costs can be allocated according to a number of different bases, including 
direct labor cost, material cost, direct labor hours, and space. Most common in industry is 



Figure 2.5 Breakdown of costs for a manufactured product [6J. 
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direct laborcost, which we will use here to illustrate how overheads are allocated and sub- 
sequently uscd lo compute factors such as selling price of the product. 

The allocation procedure (simplified) is as follows. For the most recent year (or 
most recent several years), all costs are compiled and classified into four categories: (1) 
direct labor,(2) material, (3) factory overhead. and (4) corporate overhead. The objective 
is to determine an overhead rate (also called burden rate ) that could be used in the fol- 
lowing year to allocate overhead costs to a process or product as a function of the direct 
labor costs associaled with that process or product. In our treatment, separate overhead 
rates will be devcloped for factory and corporate overheads. The factory overhead rate is 
calculated as the ratio of factory overhead expenses (category 3) to direct labor expens- 
es (category I); that is. 


(2.28) 


where FOHR = factory overhead rate. FOHC = annual factory overhead costs ($/yr); 
and DLC " annual direct labor costs ($/yr). 

The corporate overhead rate is Ihe ratio of corporate overhead expenses (category 4) 
to direct labor expenses: 


(2.29) 


where COHR = corporate overhead rate.COHC = annual corporate overhead costs 
($/yr), and DLC = annual direct labor costs ($/yr). Both rates are often expressed as per 
centages. If material cost werc used as the allocation basis, then material cost would bc 
used as the denominalor in both ratios. Let us present two examples to illustrate (1) how 
overhead rates are determined and 12) how they are used to estimate manufacturing cost 
and establish selling price. 


EXAMPLE 2.7 Determining Overhead Rates 

Suppose that all costs have been compiled for a certain manufacturing firm for 
last year. The summary is shown in the table below. The company operates two 
different manufacturing plants plus a corporate headquarters. Determine: (a) the 
factory overhead rate foreach plant and (b) the corporate overhead rate.These 
rates will be used by the firm in the foilowing year. 


Expense Corporate 

Category Plant 1 /$} Plant 2 ($) Headquarters {#) Torate (S) 


Direct labor 800,000 

Materials 2,500,000 

Factory expense 2.000,000 

Corporate expense 
Totals 


400,000 1,200,000 

1,500,000 4,000,000 

1,100,000 3,100,000 

7,200,000 7,200,000 

3,000,000 15,500,000 


5,300,000 


3,000,000 
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Solution: (a) A separate factory overhead rate must be determined for each plant. For 
plant 1. we have: 


FOHR, 


$ 2,000,000 

$800,000 


2.5 = 250% 


For plant 2, 


FOHR 2 


$ 1 , 100,000 

$400,000 


2.75 = 275% 


(b) The corporate overhead rate is based on the total labor i 


COHR 


$7,200,000 

$1,200,000 


6.0 = 600% 


both plants. 


EXAMPLE 2.8 Estimating Manufacturing Cosls and Establishing Selling Price 

A customer order of 50 parts is to be processed through plant 1 of the previous 
example. Raw materials and tooling aie supplied by the customer. The total 
time for processing the parts (including setup and other direct labor) is 100 hr. 
Direct labor cost is $ 10.00/hr. The factory overhead rate is 250% and the cor¬ 
porate overhead rate is 600%. Compute the cost of the job. 

Solution: (a) The direct labor cost for the job is (100 hr)($10.00/hr) = $1000. 

(b) The allocated factory overhead charge, at 250% of direct labor, is 
($1000)(2.50) = $2500. 

(c) The allocated corporate overhead charge, at 600% of direct labor, is 
($1000)(6.00) = $6000. 

Interpretation: (a) The direct labor cost of the job, representing actual cash spent on the 
customer's order = $1000.(b) The total factory cost of the job,including allo¬ 
cated factory overhead = $1000 + $2500 = $3500. (c) The total cost of the 
job including corporate overhead - $3500 + $6000 = $9500. To price the job 
for the customer and to eam a profit over the long run on jobs like this, the price 
would have to be greater than $9500. For example. if the company uses a 10% 
mark-up, the price quoted to the customer wouldbe(l,10)($9500) = $10,450. 


2.5.3 Cost of Equipment Usage 

The trouble with overhead rates as we have developed them here is that they are based on 
labor cost alone. A machine operator who runs an oid, small engine lathe whose book value 
is zero will be costed at the same overhead rate as an operator running a new CNC tum- 
ing center just purchased for $500,000. Obviously, the time on the machining center is more 
productive and should be valued at a higher rate. If differences in rates of different pro- 
duction machines are not recognized. manufacturing costs will not be accurately measured 
by the overhead rate structure. 

To deal with this difficulty, il is appropriate to divide the cost of a worker running a 
machine intotwocomponents:(l) direct labor and (2) machine. Associated wiili each is an 
applicable overhead rate.These costs apply not to the entire factory operations, but to in- 
dividual work centers. A work center is a production cell consisting of (1) one worker and 
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one machine. (2) one worker and several machines. (3) several workers operating one ma- 
chine.or (4) several workers and machines. In any of these cases, it is advantageous to sep¬ 
arate the labor expense from the machine expense in estimating total production costs. 

Thedirect labor cost consists of the wages and fcenefits paid to operate the work cen- 
ler. Applicable factory overhead expenses allocated to direct labor cost might includc State 
taxes, certain fringe benefits. and line supervision. The machine annual cost is the initial cost 
of the machine apportioned over the life of the asset at the appropriate rate of return used 
by the firm. This is done using the Capital recovery factor, as follows: 

(JAC = IC(A/P,iJi) (2.30) 

where UAC = equivalent uniform annual cost (S/yr); IC = initial cost of the machine ($); 
and ( A/Pi/i) = Capital recovery factor that converts initial cost at ycar 0 into a series of 
equivalent uniform annual year-end values. where i = annual interest rate and n = num- 
ber of years in the service life of the equipment. For given values of i and n, ( A / Pj.n) can 
be computed as follows: 


(/l/f, iP3I) 

Values of (A/P. i, n) can also be found in interest tables that are widely available. 

The uniform annual cost can be expressed as an hourly rate by dividing the annual 
cost by the number of annual hours of equipment use The machine overhead rate is based 
on those factory expenses that are directly assignable to the machine.These include power 
to drive the machine, floor space, maintenance and repair expenses. and so on. In separat- 
ing the factory overhead items in Table 2.7 between labor and machine, judgment must be 
used; admiltedly, the judgment is sometimes arbitrary. Total cost rate for the work center 
is the sum of labor and machine costs. This can be summarized as follows: 

C„ = 0.(1 + FOHR,) + C m (l + FOHRJ (2.32) 

where C 0 = hourly rate to operate the work center ($/hr), C L = direct labor wage rate 
(S/hr), FOHR- = factory overhead rate for labor, C„ = machine hourly rate ($/hr),and 
FOHR„, = faaory overhead rate applicable to machines. 

It is the author’s opinion that corporate overhead expenses should not be included 
in the analysis when comparing production methods. Including them serves no purpose 
other than to dramatically inerease the costs of the alternatives. The faet is that these cor¬ 
porate overhead expenses are present whether or not either or none of the alternatives is 
selected. On the other hånd, when estimating costs for pricing decisions, corporate over¬ 
head should be included because over the long run, these costs must be recovered through 
revenues generated from selling products. 

EXAMPLE 2.9 Hourly Cost of a Work Center 

The following data are given: direct labor rate = $10.00/hr; applicable factory 
overhead rate on labor = 60%; capita! investment in machine = $100,000; ser¬ 
vice life of the machine = 8 yr; rate of return = 20%; salvage value in 8 yr = 0; 
and applicable factory overhead rate on machine = 50%. The work center will 
be operated one 8-br shift, 250 day/yr. Determine the appropriate hourly rate 
for the work center. 
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Solution: Labor cost per hour = C A ( 1 + FOHRi) - $10.00(1 + 0.60) — $16.00/hr. 

The investment cost of the machine must be anmialized, using an 8-yr service 
life and a rate of return = 20%. First we compute the capital recovery factor: 


( A/P20 %») = 


0 .20(1 + 0.20) 8 
d + 0.20)* - 1 


0.20(4,2998) 
4.2998 - 1 


= 0.2606 


Now the uniform annual cost for the $100,000 initial cost can be determined: 


UAC = $ 100,000( A/P, 20%,8)=100.000(0.2606)-$26,060,00/yr 
The number of hours per year = (8hr/day)(250day/yr) = 2000hr/yr. Divid- 
ing this into UAC gives 26.060/2000 = $13.03/hr. Then applying the factory 
overhead rate, we have 

C„( 1 + FOHR„) = $13.03(1 + 0.50) - $19.55/hr 
Total cost rate is 


C 0 = 16.00 + 19.55 = $35.55/hr. 
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APPENDIX AVERAGING PROCEDURES 
FOR PRODUCTION MODELS 

As indicated in our presentation of the production models in Section 2.4, special averpg- 
ing procedures are required to reduce the inherent variations in actual factory data to jin¬ 
gle parameter values used in our equations. This appendix explains the averaging 
procedures. 

A straight arithmelic average is used to compute the value of batch quantity Q and 
the number of operations (machines) in the process routing n 0 . Let n Q = number of batch- 
es of the various part or product styles to be considered. This might be the number of 
batches processed through the plant during a ccrtain time period (j.e., week, monlh, year), 
or it might be a sample of size n Q taken from this time period for analysis purposes. The 
average batch quantity is given by: 
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e = 


«e 

n Q 


(A2.1) 


where Q = average batch quantity, pc; Q t = batch quantity for part or product style j of 
the total n Q batches or styles being considered, pc, where j = 1, 2,. • •, n^. The average 
number of operations in the process touting is a similar computation: 


"6 



where n„ - average number of operations in all process routings under consideration; 
n ol = number of operations in the process routing of part or product style /; and n Q = num¬ 
ber of batches under consideration. 

When factory data are used to assess the terms T n ,T c , and T„, weighted averages 
must be used. To calculate the grand average setup time for n Q different part or product 
styles, wc first compute the average setup time for each style; that is. 





(A2.3) 


where T uj = average setup time for part or product style j, min; T„ jk = setup time for op¬ 
eration k in the processing sequence for part or product style j, min; where * = 1,2,... ,n oj \ 
and n B , = number of operations in the processing sequence for part or product style j. 
Using the n Q values of T mj calculated from the above equation, we can now compute the 
grand average setup time for all styles, given by: 


T„, = 


"C 


(A2.4) 


where T„ = setup time grand average for all n 0 part or product styles included in the 
group of interest, min; and the other terms are defined above. 

A similar procedure is used to obtain grand averages for operation cycle time T c and 
nonoperation time T M . Considering cycle time first, 

Sn* 

7 .1 - (A2.5) 


where T c/ = ave rage operation cycle time for part or product style /, min; T ejk = cycle time 
for operation k in the processing sequence for part or product style j, where k = 1, 
min; and n aj = number of operations in the processing sequence for style /.The grand av¬ 
erage cycle time for all rtg styles is given by: 
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■f, - ^- (A2.6) 

S «, 


where T c — operation cyde time grand average for all n Q part or product styles being con- 
sidered, min; and the other terms are defined above. The same forms of equation apply for 
nonoperation time 7"*,. 

T m , = - (A2.7) 

where T m/ = average nonoperation time for part or product style j, min; T mjk - nonop¬ 
eration time for operation k in the processing sequence for part or product style j, min. The 
grand average for all styles (batches) is; 

"e 

T„ - - (A2.8) 

where T m = nonoperation time grand average for ali parts or products considered, min; 
and other terms are defined above. 


PROBLEMS 


Product/Production Rnlatlonships 

2.1 The ABC Company is planning a new product line and will build a new plant to manufac- 
ture the parts for a new product line. The product line will ind ude 50 different models. An- 
nual production of each model is expected lo be 1000 unils. Each product will be assembled 
of 4C0 components. All processing of parts will be accomplished in one factory.There are aa 
average of 6 processing steps required to produce each component, and each processing 
step takes 1.0 min (includes an allowance for setup time and part handling). All processing 
operations are performed at workstations, each of which includes a production machine and 
a human worker. If each workstation requires a flooi space of 250 ft 2 , and the factor)' oper¬ 
ates one shift (2000 hr/yr), determine (a) how many production operations, (b) how mueh 
floorspace, and (c) how many workers will be required in the plant. 

2.2 The XYZ Company is planning to introduce a ne w product line and will build a new facto- 
ry to produce the parts and assemble the final products for the product line. The new prod¬ 
uct line will include 100 different models. Annual production of each model is expected to 
be 1000 units. Each product will be assembled of600 components. All processing of parts and 
assembly of products will be accomplished in one factory. There ate an average of 10 pro¬ 
cessing steps required to produce each component. and each processing step takes 30 sec (in- 
cludea an allowance for setup time and part handling). Each final unit of product takes 3.0 hr 
to assemble. All processing operations are performed at work cells that each includes a pro¬ 
duction machine and a human worker. Products are assembled od single workstations con- 
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sisting af two workers each. If each work cell and each workstation require 200 ft 2 , and the 
faet ory operates one shift (2000 hr/yr), determine: (a) how many production operations, (b) 
how mach floorspace, and (c) how many workers will be required in the plant, 

2.3 If the company in Problem 2.2 were to operate three shifts (6000 hr/yr) instead of one shift, 
determine the answers to (a), (b),and (c). 

Production Concepts and Mathematical Models 

2.4 Consider the batch production rate cquations in Sect 2.4.1, Eqs. (2.9), (2.10), and (2.11).Sup- 
pose each cycle produced n K parts. Revise the equations accordingly to compute T b ,and R p 

2.5 A eertain part is rouled through six machines in a batch production plant. The setup and op¬ 
eration times for each machine are given in the table below.The batch size is 100 and the av¬ 
erage r.onoperalion lime per machine is 12 hr. Determine: (a) manufacturing lead time and 
(b) production rate for operation 3. 


Machine 

Setup Time 
(hr) 

Operation Time 
(min) 

1 

4 

5.0 

2 

2 

3.5 

3 

8 

10 0 


3 

1.9 

5 

3 

4.1 

6 

4 

2.5 


2.6 Suppose the part in previous Problem 2.5 is made in very large quantities on a production 
line in which an automated work handling system is used to transfer parts between ma¬ 
chines. Transfer time between stations = 15 sThe total time required to set up the entire line 
is 150 fcr. Assume that the operation times at the individual machines remain the same. De¬ 
termine: (a) manufacturing lead time for a part Corning off the line, (b) production rate for 
operation 3, (c) theoredcal production rate for the entire production line? 

2.7 The average part produced in a eertain batch manufacturing plant must be processed through 
an average six machines. Ilventy (20) new batches of parts are launched each week. Aver¬ 
age operation time * 6 min, average setup lime = 5 hr. average batch size « 25 parts, and 
average nonoperation time per batch = lOhr/machine.There are 18 machines in the plant. 
The plant operates an average of 70 production hours per week. Scrap rate is negligible. De¬ 
termine: (a) manufacturing lead time for an average part, (b) plant capacity, (c) plant uti- 
lization. (d) How would you expect the nonoperation time to be affeeted by the plant 
utilization? 

2JS Based on the data in previous Problem 2.7 and your answers to that problem, determine 
the average level of work-in-process (number of parts-in-process) in the plant. 

2.9 An average of 20 new orders are started through a eertain factory each month. On average, 
an order consists of 50 parts to be processed through 10 machines in the factory.The oper¬ 
ation time per machine for each part = 15 min. The nonoperation time per order at each 
machine averages 8 hr, and the required setup time per order = 4 hr.There are 25 machines 
in the factory, 80% of which are operational at any time (the other 20% are in repair or main- 
tcnance).The plant operates 160 hr/mon. However, the plant manager complains that a 
total of 100 overtime machine-hours must be autherized each month to keep up with the pro¬ 
duction schedule. (a) What is the manufacturing lead time for an average order? (b) What 
is the plant capacity (ou a immlhly basis) and why must the overtime be authorized 7 (c) 
What is the utilization of the plant according to the definition given in the lext? (d) Deter¬ 
mine the average level of work-in-process (number of parts-in-process) in the plant. 
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2.10 The mean time between failure for a certain production machine is 250 hr,and the mean time 
to repair is 6 hr. Determine the availability of the machine. 

2.11 One million units of a certain product ate to be manufactured annually on dcdicated pro¬ 
duction machines that run 24 hr/day, 5 day/wk, 50 wk/yr. (a) If the cycle time of a machine 
to produce one part is 1.0 min. how many of the dedicated machines will be required to keep 
up with demand? Assume that availability, utilization. and worker efficiency = 100%, and 
that no setup time will bc lost. (b) Solve part (a) except that availability * 0.90. 

2.12 The mean time between failures and mean time to repair in a certain department ot the fac- 
tory are 400 hr and 8 hr, respectively.The department operates 25 machines during one 8 hr 
shift/day. 5 day/wk, 52 wk/yr. Each time a machine breaks down. it costs the company 
$200/hr (per machine) in lost revenue. A proposa) has been submitted to install a preven- 
tive maintenance program in this department. In this program, preventive maintenance 
would be performed on the machines during ".he evening so that there will be no mterrup- 
tions to production during the tegular shift. The effeet of this program is expectcd to be that 
the average MTBF will double, and half of the emergency repair time normally accom- 
plished during the day shift will be performed during the evening shift.The cost of the main¬ 
tenance crew will be $1500/wk. However, a reduction of maintenance personnel on the day 
shift will result in a savings during the reguler shift of $700/wk. (a) Compute the availabil¬ 
ity of machines in the department both before and atter the preventive maintenance program 
is installed. (b) Determine how many total hours per year the 25 machines in the department 

are under repair both before and after the preventive maintenance program is instnllcd.In 
this part and in part (c).ignore effeets of queueing of the machines that might have to wait 
for a maintenance crew. (c) Will ihe preventive maintenance program pay for itself in terms 
of savings in the cost of lost revenues? 

2.13 There are nine machines in the automatic lathe section of a certain machine shop.The Setup 
lime on an automatic lathe averages 6 hr. The average batch size for parts processed through 
the section is 90.The average operation time - 8.0 min. Under shop rules, an operator is per- 
mitted to be assigned to run up to three machines Accordinglv, there arc three operators in 
the section for the nine lathes. In addition to the lathe operators, there are two setup work- 
ers who perform machine selups exdusively.These setup workers are kept busy the full 
shift.The section runs one 8 hr shift/day.6 day/wk. However, an average of 15% of the pro¬ 
duction time is lost due to machine breakdowns. Scrap losses are negligible.The production 
cornrol manager claims that the capacity of the section should be 1836 piece/wk. However, 
the actual output averages on ly 1440 unit/wk. What is the problem? Recommend a solution. 

2.14 A certain job shop specializes j n one-of-a-kind orders denling with parts of medium-to-high 
complexity A typical part is processed through ten machines in batch sizes of one.The shop 
contains eight conventional machine toolsand operates 35 hr/wk of production time. Average 
time values on the part are: machining time per machine = 0.5 hr, work handling time per 
machine = 0.3 hr, tool change time per machine = 0.2 hr, setup time per machine = 6 hr, 
and nonoperation time per machine = 12 hr. A new programmable machine has been pur- 
chased by the shop which is capable of performing all ten operations in a single setup. The 
programming of the machine for this part will require 20 hr; however, the programming can 
be done off-line, without tying up the machine. The setup time will be 10 hr.The total ma¬ 
chining time will be reduced to 80% of its previous value due to advanced lool control al- 
gorithms: the work handling time will be the same as for one machine: and the total tool 
change time will be reduced by 50% because it will be accomplished automatically under pro¬ 
gram control. For the one machine, nonoperation time is expected to be 12 hr. (a) Determine 
the manufacturing lead time for the traditional method and for the newmethod. (b) Com¬ 
pute the plant capacity for the following alternatives: (i) a job shop containing the eight tra¬ 
ditional machines, and (ii) a job shop containing two of the new programmable machines. 
Assume the typical jobs are represented by the data given above. (c) Determine the aver¬ 
age level of work-in-process for the two alternatives in part (b). if the alternative shops op- 




erate al full capacity. (d) Idenhfy which of Ihe ten automation strategies (Sect 1.5.2) are rep¬ 
resented (orprobaWy represented) by tbe new machine. 

2.15 A factory produces cardboard borcsThe production sequence consists of three operations: 
(1) cutting. (2) indenting. and (3) printing. There are three maehines in the factory, one for 
eacli operation. The maehines art 100% reliabie and operate as follows when operating at 
100% util iza tion: (1) In cutting. large roils of cardboard are fed into the cutting machine and 
cut into blanks. Each large roli contains enough maierial for 4,000 blanks. Production eyele 
lime = 0.03 min/blank during a production run. bul it takes 35 min to change roils belween 
runs. (2) In indenting, indentation lines are pressed into the blanks to allow the blanks to later 
be bent into boxes.Thc blanks from ihe previous cutting operation are divided and Consol¬ 
idated into balches whose starting quantity = 2,000 blanks. Indenting is performed at 
4.5 itiin/100 blanks. Time to change dies on the indentation machine = 30 min. (3) In print¬ 
ing. the indented blanks are printed with labels for a particular cusiomer.The blanks from 
the previous indenting operation are divided and Consolidated into batches whose starting 
quantity = 1.000 blanks Printing eyele rate = 30blanks/min. Between batches, changeover 
of the printing plates is required. which takes 20 min. In-process invenlory is allowed to 
build up between maehines I and 2. and between maehines 2 and 3, so Ihat the maehines can 
operale independently as ntuch as possible. Based on this data and information, determine 
the maximum possible output of this factory during a 40 hr week. in completed blanks/wk 
(completed blanks have been cul, indented, and printed)? Assumc steady State operation, 
not starlup. 

Costs of Manufacturing Operations 

2.16 Theorctically, any given production plant has an optimum output level. Suppose a cettain 
production plant has annual fixed costs FC = $2.000,000. Variable cost VC is functionally 
related to annual output Q in a manner that can be describcd by the funetion 
VC = S12 + $0.0050. Total annual cost is given by TC = FC + VC X Q.Jbe unit sales 
prtce for one production unit F = $250. (a) Determine the value of Q that minimizes unit 
cost VC, wherc UC = TC/Q; and computc the annual profit earned by the plant at this 
quantity. (b) Determine Ihe value of Q that maximizes the annual profil earned by the plant; 
and computc the annual profil eatned by the plant al this quantity. 

2.17 Costs have been compikd for a certain manufacturing company for the most recent year.The 
summary is shown in Ihe table below.The company operates two different manufacturing 
plants, plus a corporate headquarters. Determine: (a) the factory overhead rate for each 
plant, and (hl the corporate overhead ratc.These lates wil! be used hy the firm in the fol- 
1 owing ycar. 


Expense Category 

Plant 7 ($) 

Plant 2 ($/ 

Corporate 
Headquarters 1$) 

Direct labor 

1.000.000 

1,750,000 


Materials 

3,500.000 

4,000,000 


Factory expense 
Corporate expense 

1,300,000 

2,300,000 

5,000,000 


2.18 The honrly rate for a certain work center is to be determined based on the following data: 
direct labor rate = $15.00/hr:applicahle factory overfiead rate on labor = 35%; Capital in- 
vestment in machine - $21X1,000; service Ufe of tltc machine = 5 ycars; rate of return = 15%; 
salvage value :n live ycars = zcro; and applicable factory overhead rate on machine = 40%. 
The work center will be operated two 8-hr shifts. 250 day/yr. Determine the appropriatc 
hourlv rate tor the work center. 
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2.19 £n previous Problem 2.18, if the work load for the cel! can only justify a one-shift operation, 
determine the appropriate hourly rate for the work center. 

2.20 In the operation of a certain production machine, one worker is required at a direct labor 
rate = $10/hr. Applicable labor factory overhead rate = 50%. Capital investment in the 
system = $250,000, expected service life = 10 years, no salvage value at the end of that pe- 
riod, and the applicable machine factory overhead rate = 30%. The work cell will oper¬ 
ate 2000 hr/yr. Use a rate of return of 25% to determine the appropriate hourly rate for 
this work cell. 

2.21 Same as previous Problem 2.20. except that the machine will be operated three shifts, or 
6000 hr/yr. Note the effeet of inereased machine utilization on the hourly rate compared to 
the rate determined in Problem 2.20. 

2.22 The break-even point is to be determined fot two production methods, one a manual method 
and the other automated. The manual method requires two workers at $9.00/hr each. 1b- 
gether, they produce at a rate of 36 units/hr. The automated method has an initial cost of 
$ 125.000. a 4-year service life.no sal vage value, and annual maintenance costs = $3000. No 
labor (except for maintenance) is required to operatc the machine, but the powet required 
to run the machine is 50 kW (when running). Cost of electric power is $0.05/kWh. Ff the 
production rate for the automated machine is 100 units/hr, determine the break-even point 
for the two methods, using a rate of return = 25%. 
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CHAPTER CONTENTS 

3.1 Basic Elements of an Automated System 

3.1.1 Power to Accomplish the Automated Process 

3.1.2 Program of Instructions 

3.1.3 Control System 

3.2 Advanced Automation Functions 

3.2.1 Safety Monitoring 

3.2.2 Maintenanne and Rnpair Diaonostics 

3.2.3 Error Detection and Recovery 

3.3 Le vels of Automation 

Automation is the technology by which a process or procedure is accomplished without 
human assistance, lt is implemented using a program of instructions combined with a Con¬ 
trol system that executcs the instructions. To automate a process, power is required, both to 
drive the process itsclf and to operate the program and contra! system. Although automa¬ 
tion can be applied in a wide variety of areas, it is most closely associated with the manu¬ 
facturing Industries. It was in the context of manufacturing that the term was originalty 
coined by an engineering manager at Ford Motor Company in 1946 to describe the vari¬ 
ety of automatic transfer devices and feed mechanisms that had been instatled in Ford’s pro- 
duction plants {Historical Note 3.1). lt is ironic that nearly all modern applications of 
automation are controlled by computer technologies that were not available in 1946. 

In this part of the book, we examine technologies tbat have been developed to au¬ 
tomate manufacturing operations.The position of automation and control lechnologies in 
the larger production system is shown in Figure 3.1. In the present chapter, we provide an 
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Figure 3.1 Automation and Control technologies in the production system. 

overview of automation: What are the elements of an automated system? What aie some 
of the advanced features beyond the basic elements? And what are the levels in an enter- 
prise where automation can be applied? In the following two chapters, we discuss indus¬ 
trial control systems and the hardware components of these systems. These two chapters 
serve as a foundation for the remaining chapters in our coverage of automation and Con¬ 
trol technologies. These technologies are: (1) numerical control (Chapter 6), (2) industri¬ 
al robotics (Chapter 7), and (3) programmable logic controllers (Chapter 8). 
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Historical Note 3.1 History of automation 1 

The history of automation can be triced to the development of basic mechanical devicetsuch 
as the wheel (circa 3200 B.C.), lever, winch (circa 600 B.C.), cam (circa A.D. 1000), screw 
(A.D. 1405). and gear in ancient and medieval times. These basic devjces were refined and 
used to construct the mechanisms in waterwheels, windmills (circa A.D, 650), and steam engines 
(A.D. 1765). These machines generated the power to operate other machinery of various kinds, 
such as flour miils (circa 85 B.C.), weaving machines (flying shuttle. 1733), machine tools (bor¬ 
ing mili, ’.775),steamboat5 (1787), and railroad locomotives (1803). Power, and the capadty to 
generate it and transmit it to operate a process, is one of the three basic elements of an auto¬ 
mated system. 

After his first steam engine in 1765, James Watt and his partner, Matthew Boulton.made 
several improvements in the design. One of the improveraents wa6 the flying-ball governor 
(around 1785), which provided feedback to control the throttle of the engine.The governor con- 
sisted of a ball on the end of a hinged lever attached to the rotating shaft.The lever was con- 
nected to the throttle valve. As the speed of the rotating shaft inereased, the ball was forced 
to move outward by centrifugal force: this tn tum caused the lever to reduce the valve open- 
ing and slow the motor speed. As rotational speed decreased, the ball and lever relaxed, thus 
allowing the valve to open. The flying-ball governor was one of the first examples in engi¬ 
neering of feedback control, an important type of control syslem —the second basic element of 
an automated system. 

The third basic element of an automated system is for the actions of the system or ma¬ 
chine to be directed by a program of instructions. One of the first examples of machine pio- 


1 Sour ces of most of the datos in this Historieal Note: (1) R. Platt. Smtihsanlan Visual Timclint tf Inven¬ 
tions (London: Dorltng Kinderslcy Ltd., 1994): and (2) “The Power of Invention," JVeHaw«* Special Isae, Win¬ 
ter 1997-98 (pp. 6-79). 
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I gratnming »as thc Jacquard I oom. invcntcd around 1800. T ais loom was a machine for wcav- 
mg doth from yam. The program of instructions thai determined thc weaving partern of the 
I doth consisted ot a metal platc conlaming holes. The hole pattern in the plate directed the 
I shuttlc molions ol the loom. which in tern detcrni:ned the weaving pattern. Diffcrent hole pat- 
I terns yiclded diffcrent doth patrems. Thus. thc Jacquard loom was a programtnablc machine. 
one of the first of its kind. 

By the early lXOOs, the three bas*. elements of automated systems—power source, Con¬ 
trols. and programmage maclnnes—had been developed. although these elements were prim¬ 
itive by todf.v's standards. 1: took raany years of refinement and many new inventions and 
developments, bolh in these baste elements as well as in Ihe enabling infrastructure of the man- 
utactur ng Industries, before fully autotnated production systems werc to bccome a common 
icality. Importani cxamples of these inventions and developments include interchangeable 
pari.', (circa 1800. Hisiorical Note 2.\)\electrificadon (staitingin 1881);the movingassembly line 
(1013. Hisiorical Note 17.1):mechanizcd transfer lines tor mass production. whose programs 
werc fised by Iheir hardware configu ration (1024. Hisiorical Note 18.1): a mathematic-al the- 
ory of control systems (L93Gs and !M40s>; and the MARK I dectromechanical computer at 
Harvard l.'mvcrsily (1944). These inventions and developments had all been realized by Ihe 
end of Worlc War II. 

Stnce 1945. many new inventions and developments have cootributed significantly to 
automation technology. Del Harder coincd the word automation around 1946 in reference to 
the many sui’omatir. device« thai the Ford Motor Company had developed for ils production 
lines. The first clcctronic digital computer was developed at University of Pcnnsylvania in 
1946. The first nttmerical control machine tool was developed and demonstrated in 1952 at 
Mnssachusctls Institut« ol Technology based on a concept proposed by John Parsons and Frank 
Slulen (Hisiorical Note 6.1). By the latc 1960s and early 1970s. digital computers were being 
connected to machine tools. In 1954. the first indusirial robor was designed and patented (is- 
sued 1961) by fVeorge Dcvol (Hisiorical Note 7.1).The first commercial robot wasinstalled to 
unloild parts in a die ca.sting operation in 1961. In thc latc 1960s. the first flexible manufactur¬ 
ing.t •istem in the United States was installed al Ingersoll Rand Company to perform machin- 
ing operations on a vanety of parts (Hisiorical Note 16.1 i. Around 1969. the first programmable 
logic tontroHer wa, imrodueed (Hisiorical Note b.l). In 1978. the first commercial personal 
computer [PC) had been introduced by Apple Computer, although asimilarproduct had been 
introdueed in kil form as early as 1975. 

Developments in computer technology werc mace possible by advances in electronics, 
mcluding the transistor (1948 ),hard disk for computer memory ( 1956).integrated circuits (1960), 
the microprocessor (1971), random access memory (1984). megabyte capacity memory chips 
(circa 1990). and the Pentium microprocessors (1993). Software developments related to au¬ 
tomation have been equally importani, including the FORTRAN computer programming lan¬ 
guage (1955). thc ART programming language for numerical control (NC) machine tools 
(1961), ihe UNIX operating system (1969). the VAL language for robot programming (1979). 
Microsoft Windows (1985), and the JAVA programming language (1995). Advances and en- 
hancements in these technologics cominue. 


3.1 BASIC ELEMENTS OF AN AUTOMATED SYSTEM 


An automated system consistsof three basic elements: (1) power to accomplish the process 
and operate thc system. (2) a program of instructions to direct the process, and (3) a con¬ 
trol system to actuate the instructions. The relationship amongst these elements is illus- 
trated in Figure 3.2. All systems that qualify as being automated include these three basic 
elements in one form or another. 
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(1) 



Figure 3.2 Elements of an automated system: (1) powcr, (2) pro¬ 
gram of instructions, and (3) control systems. 

3.1.1 Power to Accomplish the Automated Proeess 

An automated system is used to operate some proeess, and power is required to drive 
the proeess as well as the Controls. The principal source of power in automated systems 
is eleclriciiy. Electric power has many advantages in automated as well as nonautomat- 
cd processes: 

• Electrical power is widely availahle at moderate cost. It is an important part of our 
industrial infrastructure. 

• Electrical power can be readily converted to alternative energy forms: mechanical, 
thermal. light, acoustic. hydraulic. and pneumatic. 

• Electrical power at low levels can be used to accomplish funetions such as signal 
transmission, information processing, and data storage and communication. 

• Electrical energy can be stored in long-life batteries for use in locations where an ex- 
temal source of electrical power is not conveniently available. 

Alternative power sources include fossil fuels, solar energy, water. and wind. However, 
their exelusive use is rare in automated systems. In many cases when alternative power 
sources are used to drive the proeess itself, electrical power is used for the Controls that au¬ 
tomate the operation. For example, in casting or heat treatment, the furnace may be heat¬ 
ed by fossil fuels. but the control system to regulate temperature and time cycle is electrical. 
In other cases, the energy from these alternative sources is converted to electric power to 
operatc both the proeess and its automation. When solar energy is used as a powet source 
for an automated system, it is generally converted in this way. 

Power for the Proeess. In production, the term proeess refers to the manufactur¬ 
ing operation that is performed on a work unit. In Table 3.1, a listof common manufacturing 
processes is compiled along with the form of power required and the resulting action on 
the work. unit. Most of the power in manufacturing plants is consumed by these kinds of 
operations. The "power form” indicated in the middle column of the table refers to the en¬ 
ergy that is applied direetly to the proeess. As indicated above, the power source for each 
operation is usually converted from electricity. 

In addition to driving the manufacturing proeess itself, power is also required for the 
following material handling funetions: 

• Loading and unloading the work unit. Ail of the processes listed in Table 3.1 are ac- 
complished on discrete parts. These parts must be moved into the proper position 
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TABLE 3.1 Common Manufacturing Processes and Their Power Requiremerts 


Process 

Power Form 

Action Accomplished 

Casting 

Thermal 

Melting the metal before pouring into a mold cavity 
where solidification occurs. 

Electric discharge 
machimng (EDM> 

Electrical 

Metal removal is accomplished by a series of d ise let e 
electrical discharges between electrode (tool) and 
workpiece. The electric discharges cause very high 
localized temperatures that melt the metal. 

Forging 

Mechanical 

Metal workpart is deformed by opposing dies. Workparts 
are often heated in advance of deformation, thus 
thermal power is also required. 

Heat treating 

Item,. 

Metallic work unit is heated to temperature below melting 
point to effeet microstructural changes. 

Injection molding 

Thermal and 
mechanical 

Heat is used to raise temperature of polymer to highly 
plastic consistency, and mechanical force is used to 
inject the polymer melt into a mold cavity. 

Laser beam cutting 

Light and thermal 

A highly coherent light beam is used to cut material by 
vaporization and melting. 

Machining 

Mechanical 

Cutting of metal is accomplished by relative motion 
between tool and workpiece. 

Sheet metal punching 
and blanking 

Mechanical 

Mechanical power is used to shear metal sheets and 
plates. 

Welding 

Thermal (maybe 
mechanical! 

Most welding processes use heat to cause fusion and 
coalescence of two (or more) metal parts at their 
contacting surfaces. Some welding processes also 
apply mechanical pressure to the surfaces. 


and orientation for the process lo be pcrformetl.and power is required for this trans¬ 
port and placcmenl function. At the conclusion of the process, the work unit must sim- 
ilarly be removed. If the process is completely automated, then somc form of 
mechanized power is used. If the process is manually operated or semiautomated, 
then human power mav be used to position and locate the work unit. 

■ Malerial transport between operations. In addition to loading and unloading at a given 
operation, the work units musl be moved between operations. We consider the ma- 
tcrial handling tcchnologies associated with this transport function in Chapter 10. 

Power for Automation. Above and beyond the basic power requirements for the 
manufacturing operation, additional power is required for automation. The additional 
power is used for the following funclions: 

• Controller unit. Modem industrial controllers are based on digital computers, which 
require electrica) power to read the program of instructions. make the control calcu- 
lations, and execute the instructions by transmitting the proper commands to the ac- 
tualing devices. 

• Power to aetnate the control signals. The commands sent by the controller unit are car- 
ried out by means of electromechanicai devices, such as swilches and motors, called 
actuators (Section 5.2).The commands are generally transmitted by means of low-volt¬ 
age control signals. To accomplish the commands, the actuators require more power, 



Chap. 3 / Introduction to Automation 

and so the Control signals must be amplified to pro vide the proper power level for the 
actuating device. 

• Data acquisition and information processing. In most control systems, data must be 
collected from tbe process and used as input to the Control algorithms. In addition, a 
requirement of the process may include keeping records of process perfortnance or 
product quality. These data acquisition and record keeping funetions require power, 
although in modest amounts. 

3.1.2 Program of Instructions 

The actions performed by an automated process arc defined by a program of instructions. 
Whether the manufacturing operation involves )ow, medium, or high production (Section 
1.1), cach part or product style made in the operation requires one or more processing 
steps that are unique to that style. Thcse processing steps are performed during a work 
cycle. A new part is completed during each work cycle (in some manufacturing operations, 
more than one part is produced during the work cycle; e g., a plastic injeclion molding op¬ 
eration may produce multiple parts each cyde using a multiple cavity mold).The particu- 
lar processing steps for the work cycle are specified in a work cycle program. Work cycle 
programs are called part programs in numerical control (Chapter 6). Other process control 
applications use different names for this type of program. 

Work Cycle Programs. In the simplest automated processes, the work cycle consists 
of essentially one step, which is to maintain a single process parameter at a defined level, for 
example, maintain the temperature of a furnace at a designated value for the duration of a 
heat treatment cycle. (We assume that loading and unloading of the wotk units into and 
from the fumace is performed manually and is therefore not part of the automatic cycle.) 
In this case, programming simply involves setting the temperature dial on the furnace. Ib 
change the program, the operator simply changesthe temperature setting. An extension of 
this simple case is when the single-step process is defined by more than one process para¬ 
meter, for example, a fumace in which both temperature and atmosphere are controlled 
In more complicated systems, the process involves a work cycle consisting of multi¬ 
ple steps that are repeated with no deviation from One cycle to the next. Most discrete part 
manufacturing operations are in this category A typical sequence of steps (simplified) is: 
(1) load the part into the production machine,(2) perform the process, and (3) unload the 
part. During each step, there are one or more activities that involve changes in one or more 
process parameters. Process parameters are inputs to the process such as temperature set¬ 
ting of a furnace, coordinate axis value in a positioning system, valve opened or closed in 
a fluid flow system, and motor on or off. Process parameters are distinguished from process 
variables, which are outputs from the process; for example, the actual temperature of the 
furnace, the actual position of the axis, the actual flow rate of the fluid in the pipe,and the 
rotational speed of the motor. As our list of examples suggests, the changes in process pa¬ 
rameter values may be continuous (gradual changes during the processing step; for exam¬ 
ple, gradually inereasing temperature during a heat treatment cycle) or discrete (stepwise 
changes; for example, on.'off). Different process parameters may be involved in each step. 

EXAMPLE 3.1 An Automated Turning Operation 

Consider an automated tuming operation in which a cone-shaped geometry is 
generated. Assume the system is automated and that a robot is used to load 
and unload the work unit. The work cyde consists of the following steps; (1) load 
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starting workpiece. (2) position cutting tool prior to turning, (3) turn, (4) repo- 
sition tool to a safe location at end of tuming, and (5) unload finished workpiece. 
Identifv the activity(ies) and proccss parameter(s) in each step of the operation. 

Solution: In step (1). the activities consist of the robot manipulator rcaching for the raw 
workpart.liftingand positioningthe part into the chuck jawsof the lathe.thcn 
icmoviug the manipulator lo a safe position lo await unloading. The proces? 
parameters for these activities are the axis values of the robot manipulator 
(whichchangecontinuously).the grippervalue (open or closed).and the chuck 
jaw value (open or closed). 

Ir. step (2). the activity involves the movement of the cutting tool to a 
"ready' position. The process parameters associated with this activity are the 
v-and z-axis position of the tool. 

Step (3) is the turning operation. It requires the simultancous control of 
three proccss parameters: rotational speed of the workpiece (rev/min), feed 
(mm/rev), and radial distance of the cutting tool from the axis of rotation. To 
cut the conical shapc, radial distance must be changed continuously at a constant 
rate for each revolution of the workpiece For a consistent finish on the surface, 
the rotational speed must be continuously adjusted to maintain a constant sur¬ 
face speed (m/min); and for equal feed marks on the surface, the feed mnst be 
set at a constant value. Depending on the angle of the cone, multiple turning 
passes may be required lo gradually generate the desiredcontour. Each pass rep¬ 
resents an additional step in the sequence. 

Steps (4) and (5) involve the reverse activities as steps (2) and (1), re- 
spectively, and the proccss parameters are the same. 


Many production operations consist of multiple steps, sometimes more complicated 
than our tuming example. Examples of these operations include automatic screw machine 
cycles.sheet metal stamping operations, plastic injection molding. and die casting. Each of 
these manufacturing processes has been used for many decades. In earlier versions of these 
operations, the work cycles were controllcd by hardware components, such as limit switch- 
es. timers,cams. and elcctromechanical relays. In effeet, the hardware components and their 
arrangements served as the program of instruction? that direcled Ilte sequence of steps in 
the processing cycle. Although these devices were quite adequate in performing their sc- 
quencing funetion. they suffered from the following disadvantages: (1) They often required 
considerable time to design and fabricate, thus forcing the production equipment to be 
used for batch production only; (2) making even minor changes in the program was diffi- 
cult and time consumingtand (3) the program was tn a physical form thai is not readily com- 
patible with computer data processing and communication. 

Modern controllers used in automated systems are based on digital computers.In- 
stead of cams,timers, relays, and otherhardware devices, the programs for computer-con- 
trolled equipment are contained in magnetic tape, diskettes, compact disks (CD-ROMs), 
computer memory, and other modem storage technologies. Virtually all new equipment 
that perform the above mass production operations are designed w ith some type of com¬ 
puter controller to execute their respective processing cycles. The ose of digital comput¬ 
ers as the proccss controller allows improvements and upgrades to be made in the Control 
programs, such as the addition of control funetions not foreseen during initial equipment 
design. These kinds of control changes are often difficult to make with the previous hard¬ 
ware devices. 
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The work cycle may include manual steps, where the operator perforrns certain ac- 
tivities during the work cycle, and the automated system performs the rest. A common ex- 
ample is the loading and unloading of parts by the operator into and from a numerical 
Control machine between machining cycles. where the machine performs the cutting op¬ 
eration under part program control. Initiation of the cutting operation of cach cycle is trig¬ 
ge red hy the operator activating a ‘‘start" button after the pari has been loaded. 

Decision-Making in the Programmed Work Cycle. In our previous discussion of 
automated work eydes. the only two features of the work cycle are (I) the number and se- 
quencc of processing steps and (2) the process parameter changes in each step. Each work 
cycle consists of the same steps and »ssociated process parameter changes with no varia¬ 
tion from one cycle to the next. The program of mstructions is repealed each work cycle 
without deviation. In faet, many automated manufacturing operations rcquire decisions to 
be made during the programmed work cycle to cope with variations in the cycle. In many 
cases, the variations are routine elements of the cycle, and the corresponding instructions 
for dealing with them are incorporated into the regular part program. These cases include: 

• Operator mieraction. Although the program of instructions is intended to be carricd 
out without human interaction, the controller unit may require input data from a 
human operator in nrder to funetion. For example. in an automated engraving oper 
ation.the operator may have lo enter the alphanumeric characters that are to be cn- 
graved on the work unit (e.g.. plaque, trophy, belt buckle). Having entered the 
characters, the engraving operation i$ accomplished automatically by the system. (An 
everyday example of operator interaction with an automated system is a bank cus- 
tomer using an automated teller machine. The customer must enter the codes mdi- 
cating what transaction is to be accomplished by the teller machine,) 

• Different part or product styles processed by the system. In this instance, the auto¬ 
mated system is programmed to perform different work cycles on different part or 
product styles. An example is an industrial robot that performs a series of spot weld- 
ing operations on car bodies in a final assembly plant. These piants are often de¬ 
signed to build different body styles on the same automated assembly line, such as 
two-door and four-door sedans. As each car body enters a given welding station on 
the line, sensors identify which style it is, and the robot performs thecorrect series of 
welds for that style. 

• Variations in the starting work units. In many manufacturing operations the starting 
work units are not consistent. A good example is a sand casting as the starting work 
unit in a machining operation. The dimensional variations in the raw castings some- 
times necessitate an extra machining pass to bring the machined dimension to the 
specified value. The part program must be coded to allow for the additional pass 
when necessary. 

In all of these examples, the routine variations can be accommodated in (he regular work 
cycle program. The program can be designed to respond to sensor or operator inputs by 
executing the appropriate subroutine corresponding to the input. In other cases, the vari¬ 
ations in the work cycle are not routine at all. They are infrequent and unexpected, such 
as the failure of an equipment component. fn these instances, the program must include con- 
tingency procedures or modifications in the sequence to copc with conditions that Ue out- 
side the normal routine. We discuss these measures (ater in the chapter in the context of 
advanced automation funetions (Section 3.2). 
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TABLE 3.2 Features of Work Cycle Programs Used in Automated Systems 


Program Feature 

Examptes or Alternatives 

Steps in work cycle 

Example' 

• Typical sequence of steps: (1) load, (2), process. (3) unload 

Process parameters (inputs) 

Alternatives: 

in each step 

• One parameter versus multiple parameters that must be changed 
during the step 

• Continuous parameters versus discrete parameters 

• Parameters that change during the step; for example, a positioning 
system whose axes values change during the processing step 

Manual steps in work cycle 

Alternatives: 

* Manual steps versus no manual steps (completely automated work 
cycle) 

Example: 

• Operator loading and unloading parts to and from machine 

Operator interaction 

Alternatives: 

• Operator interaction versus completely automated work cycle 
Example: 

• Operator entering processing information for current workpart 

Different part or product atyles 

Alternatives: 

• Identical part or product styleeach cycle (mass or batch 
production) versus different part or product styles each cycle 
(flexible automation) 

Variations in starting work units 

Example: 

• Variations in starting dimensions or part features 


A variety of production situations and work cycle programs has becn discussed herc. 
The features of work cycle programs (part programs) used to dircct thc operations of an 
automated system are summarized as in Table 3.2. 

3.1.3 Control System 

The control element of the automated system executes the program of instructions.The 
control system causes the process to accomplish its defined funetion. which for our purpose 
is to carry out some manufacturing operation. Let us provide a brief introduction to con¬ 
trol systems herc. The following chapter describes this imporlant industrial technology in 
more detail. 

The Controls in an automated system can be either closed loop or open loop. A closed 
loop control system, also known as a feedback control system, is one in which the output vari¬ 
able is compared with an input parameter, and any difference between the two is used to 
drive the output into agreement with the input. As shown in Figure 3.3, a closed loop con¬ 
trol system consisN of six basic elements: (I) input parameter, (2) process, (3) output vari¬ 
able, (4) feedback sensor, (5) controller, and (6) actuator.The input parameter, often referred 
to as the set point, represents the desired value of the output. In a home temperature con- 
trol system, the set point is the desired thermostat setting.The process is the operation or 
funetion being controlled. In particular, it is the output variable that is being controllcd in 
the loop. In the present discussion. the process of interest is usually a manufacturing op¬ 
eration, and the output variable is some process variable, perhaps a critical performancc 
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Figure 3.3 A feedback control system. 


(3) 

Output 


measure in the process, such as temperature or force or flow rate. A sensor is used to mea- 
sure the output variable and close the loop between input and output. Sensors perform 
the feedback funetion in a closed loop control system.The controller compares the output 
with the input and makes the required adjustment in the process to reduce the difference 
between them. The adjustment is accomplished using one or more actuators, which are the 
hardware devices that physically carry out the control actions, such as an electric motor or 
a flow valve. It should be mentioned that our model in Figure 3.3 shows only one loop. 
Most induslrial processes require multiple loops, one for cach process variable that must 
bc controlled. 

In contrast to the closed loop control system, an open bop control system operates 
withoul the feedback loop, as in Figure 3.4. In this case, the Controls operate without mea- 
suring the output variable.so no comparison is made between the actual valuc of the out¬ 
put and the desired input parameter. The controller relies on an accuratc model of the 
effeet of its actuator on the process variable. With an open loop system, there is always the 
risk that the actuator will not have the intended effeet on the process, and that is the dis- 
advaniage ofan open loop system. Ils advantage is thal it is generally simpler and less ex- 
pensive than a closed loop system. Open loop systems are usually appropriate when the 
following conditions apply: (1) The actions performed by the control system are simple, 
(2) the actuating funetion is very reliable, and (3) any reaction forces opposing the actua- 
tion are small enough to have no effeet on the actuation. If these characteristics are not ap- 
plicable, then a closed loop control system may be more appropriate. 

Consider the difference between a closed loop and open loop system for the case of 
a positioning system. Positioning systems are common in manufacturing to locate a work- 
part relative to a too) or workhead. Figure 3.5 iliustrates the case of a closed loop posi- 



Figure 3.4 An open loop control system. 



Figure 3.5 A (one-axis) positioning system consisting of a leadscre w 
driven by a dc servomotor. 
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tinning system. In operation, the system is directed to move the worktable to a specified 
location as deftned by a coordinate value in a Cartesian (or other) coordinate system. Most 
positioning systems have at least two axes (e.g., an x - y positioning table) with a Control 
system for each axis. but our diagram only illustrates one of these axes. A de servomotor 
connected to a leadscrew is a common actuator for each axis. A signal indicating the coor¬ 
dinate valuc (e.g...r-value) is sent from the controller to the motor that drives the leadscrew. 
whose rotation is converted into linear motion of the positioning table. As the table moves 
doser to the desired x-coordinate valne, the difference between the actual .(-position and 
the input v-valuc is reduced.The actual .t-position is measured by a feedback sensor (e.g., 
an Optical cncodcr).The controller continues to drive the motor until the actual table po¬ 
sition corre.sponds to the input position value. 

For the open loop case, the diagram for the positioning system would be similar to the 
preceding. except that no feedback loop is present and a stepper motor is used in place of 
the dc servomotor. A stepper motor is designed to rotate a precise fraction of a tum for each 
pulse rcccived from the controller. Since the motor shaft is connected to the leadscrew, 
and the leadscrew drives the worktable, each pulse converts into a small constant linear 
movement of the table.To move the table a desired distance, the number of pulses corre- 
sponding lo tnat distance is sent to the motor. Given the proper application. whose char- 
acteristics match the preceding list of operating conditions, an open loop positioning system 
works with high reliability. 

We consider the engineering analysis of closed loop and open loop positioning sys¬ 
tems in the euntext of numerical contro) in a subscqucnt chapter (Section 6.6). 


3.2 ADVANCED AUTOMATION FUNCTIONS 

fn addition to exccuting work cycle programs, an automated system may be capabie of ex- 
ecuting advanced functions that are not specific to a particular work unit. in general, the 
functions are concerncd with enhancing the performance and safety of the equipment. Ad¬ 
vanced automation functions include the following: (1) safety monitoring, (2) maintenance 
and repair diagnostics, and (3) error detection and recovery. 

Advanced automation functions are made possible by special subroutines included 
in the program of instructioiis. In soine cases, the functions provide information only and 
do not involve any physical actions by the control system. An example of this case includes 
reporting a list ol preventive maintenance tasks that should be accomplished. Any actions 
taken on the basis of this report are decided by the human operators and managers of the 
system and not by the system itself. In other cases, the program of instructions must be 
physically executed by means of the control system using available actuators. A simple ex¬ 
ample of this case is a safety monitoring system that sounds an alarm when a human vrørk- 
er gets dangerously close to the automated system. 

3.2.1 Safety Monitoring 

One ot the significant rcasons for automating a manufacturing operation is to remove 
workcr(s) from a hazardous working environment. An automated system is often installed 
to perform a potentially dangerous operation that would otherwise be accomplished man¬ 
ually by human workers. However, even in automated systems, workers are still needed to 
service the system, at periodic time intervals if not full-time. Accordingly. it is important that 
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the automated system be designed to operate safely when workers are in attendance. !n ad¬ 
dition, lt is essential that the automated system carry out its prooess in a way that is not self- 
destructive. Thus. there are two reasons for providing an automated system with a safety 
monitoringcapability: (1) to protect human workers in the vicinity of the system and (2) lo 
protect the equipment associated with the system. 

Safety monitoring means more than the.convenfional safety measures take.n in a man¬ 
ufacturing operation, such as protective shields around the operation or the kinds of man¬ 
ual devicesthat might be utilized by human workers. such as emergency stop buttons. Safety 
monitoring in an automated system involves the use of sensors to t rack the system s oper¬ 
ation and identify conditions and events thal are unsafe or potentially unsafe.The safety 
monitoring system is programmed to respond to unsafe conditions in some appropriate 
way. Possible responses to various hazards might include one or more of the following: 

• eomplete stoppage of the automated system 

• sounding an alarm 

• reducing the operating speed of the process 

• taking corrective actions to recover from the safety violation 

This last response is the most sophisticated and is suggestive of an intelligent machine per- 
forming some advanced strategy.This kind of response is applicablc to a variety of possi¬ 
ble mishaps, not necessarily confincd to safety issues, and is called error detection and 
recovery (Section 3.2.3). 

Sensors for safety monitoring range from very simple devices to highly sophisticat¬ 
ed systems.The topic of sensor technology is discussed in Chapter 5 (Section 5.1 ).The fol¬ 
lowing list suggests some of the possible sensors and their applications for safety monitoring: 

• Limit switches to detect proper positioning of a part in a workholding device so that 
the processing cycle can begin. 

• Photoelectric sensors triggered by the interruption of a light beam;this could be used 
to indicate that a part is in the proper position or to detect the presence of a human 
intrader into the work cell. 

• Temperature sensors to indicate that a metal workpart is hot enough to proceed with 
a hot forging operation. If the workpart is not sufficiently heated. then the metal’s duc- 
tility may be too low, and the forging dies might be damaged during the operation. 

• Heat or smoke detectors to sense fire hazards. 

• Pressure-sensitive floor pads to detect human intraders into the work cell. 

• Machine vision systems to supervise the automated system and its surroundings. 

It should be mentioned that a given safety monitoring system is limited in its ability 
to respond to hazardous conditions by the possible irregularities that have been foreseen 
by the system designer. If the designer h as not anticipated a particular hazard, and conse- 
quently has not provided the system with the sensing capability to detect that hazard, then 
the safety monitoring system cannot recognize the event if and when it occurs. 

3.2.2 Maintenance and Repair Dlagnostics 

Modern automated production systems are becoming inereasingly complex and sophisti¬ 
cated, thus complicating the problem of maintaining and repairing them. Maintenance and 
repair diagnostics refers to the capabilities of an automated system to assist in the identi- 
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fication of the source of potential or actual malfunctions and failures of the system. Three 
modes of operation are typica) of a modem maintenance and repair diagnostics subsystem: 


). S ru nu monitoring. In tbc status monitoring mode, the diagnostic subsystem moni- 
lors and records the status of key sensors and parameters of the system during nor¬ 
ma. operation. On request, the diagnostics subsystem can display any of these values 
ane provide an interpretation of current system status, perhaps waming of an immi- 
ner.t failure. 

2, Failure diagnostics .The failure diagnostics mode is invoked when a malfunction or 
failure occurv Its purpose is to inlerpret the current values of the monitored vari¬ 
ables and to analyrc the recorded values preceding the failure so that the cause of the 
failure can bc identified. 

3. Recommendation of repair procedure. In the third mode of operation, the subsystem 
provides a recommended procedure to the repair crew as to the steps that should be 
taken to effeet repairs. Methods for developing the recommendations are sometimes 
based on the use of expert systems in which the cdlective judgments of many repair 
experts are pooled and incorporated into a computer program that uses artificial in¬ 
telligence techniques. 

Status monitoring serves two important functions in machine diagnostics: {1) pro- 
viding information for diagnosing a current failure and (2) providing data to predict a fu¬ 
ture malfunction or failure. First, when a failure of the equipment has occurred, it is usually 
diffieuft for the repair crcw to determine the reason for the failure and what steps should 
bc taken to make repairs. It is often helpful to reconstruct the events leading up to the fail¬ 
ure. The computer is programmed to monitor and record the variables and to draw logi- 
cal inferenees from their values about the reason for the malfunction.This diagnosis helps 
the repair personnel make the ncccssary repairs and replace the appropriate components. 
This is especially helpful in electronic repairs where it is often difficult to determine on the 
basis of visual inspection which components have failed. 

The second funetion of status monitoring is to identify signs of an impending failure, 
so that the affeeted components can be replaced before failure actually causes the system 
to go down. These part replacements can be made during the night shift or other time 
when the process Ls not operating, with the result that the system experiences (to loss of reg- 
ular operation. 


3.2.3 Error Detection and Recovøry 

In the operation of any automated system, there are hardware malfunctions and unex- 
pected events that occur during operation.These eventscan result in costly delays and loss 
of production until the problem has been correctedand regular operation is restored.Tra- 
ditionally. equipment malfunctions are corrected by human workers, perhaps with the aid 
of a maintenance and repair diagnostics subroutine. With the mereased use of computer Con¬ 
trol for manufacturing processes, there is a trend toward using the control computer not only 
to diagnose the malfunctions but also to automatically take the necessary eorrective action 
to restore the system to normal operation. The term error detection and recovery is used 
when the computer performs these functions. 
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Error Detection. As indicated by the term, error detection and recovery consists of 
two steps: (1) error detection and (2) error recovery. The error detection step uscs the au¬ 
tomated systemsavailablesensor systems to determins when adeviation or malftmclion 
has occurred, correetly interpret the sensor signals), and classifv the error. Design of the 
error detection subsystem must begin with a classification of the possible errors that can 
occur during system operation.The emirs in a manufacturing process tend to be very ap- 
piication specific.They must be anticipated in advancc in order to select sensors that will 
enable their detection. 

In analyzing a given production opieration, the possible errors can bc classified into 
one of three general categories: (1) random errors, (2) systematic errors. and (3) aberrations. 
Random errors occur as a result of Ihc normal stochastic nature of the process. These er¬ 
rors occur when the process is in statistical control (Section 21.1). Large variations in part 
dimensions, even when the production process is in statistical control, can cause problems 
in downstream operations. By detecting these deviations on a part-by-part basis, corrective 
action can be taken in subsequent operations. Systematic errors are those that result from 
some assignable cause such as a change in raw material properties or a drift in an equip- 
ment setting.Thesc errors usually cause the product to de via te from specificationssoasto 
be unacceptable in quality terms. Finally. the third type of error, aberrations, results from 
either an equipment failure or a human mistake. Examples of equiptnent failures include 
fracture of a mechanical shear pin, bursts in a hydraulic line, rupture of a pressure vesse!, 
and sudden failure of a cutting tool. Examples of human mistakes include errors in the 
control program, improper fixturc setups, and substitution of the wrong raw materiels. 

The two main design problems in error detection are: (1) to anticipatc all of the pos¬ 
sible errors that can occur in a given process and (2) to specify the appropriate sensor sys¬ 
tems and associated interpretive software so that the system is capable of recognizingeach 
error. Solving the firsl problem requires a systematic evaluation of the possibilittes under 
each of the three error classifications. If the error has not been anticipated, then the error 
detection subsystem cannot correetly detect and identify it. 

EXAMPLE 3.2 Error Detection in an Automated Machining Cell 

Consider an automated cell consisting of a CNC machine tool, a parts storage 
unit,and a robot for loading and unloading the parts between the machine and 
ilie storage unit. Possible errors that might affeet this system can be divided 
into the following categories: (1) machine and process, (2) cutting tools, (3) work 
holding fixture. (4) part storage unit, and (5) load/unload robot. Develop a list 
of possible errors (deviations and malfunctions) that might bc included in each 
of these five categories. 

Solution: A list of possible errors in the machining cell is presented in Table 3.3. 


Error Recovery. Error recovery is concerned with applying the necessary correc¬ 
tive action to overcome the error and bring the system back to normal operation. The 
problem of designing an error recovery system focuses on devising appropriate strategies 
and procedures that will either correct or compensate for the variety of errors that can 
occur in the process. Generally, a specific recovery strategy and procedure must be de¬ 
signed tor each different error.The types of strategies can be classified as follows: 

l. Make adjustments at the end of the current work cycle. When the current work cycle 
is completed. the part program branches to a corrective action subroutine specifically 
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TAB LE 33 Error Detection Step in an Automated Machining Cell: Error Categories and 
Possible Malfunctions Within Each Category 

Error Categories Possible Malfunctions 


1. Machine and process 

2. Cutting tools 

3. Workholding firture 

4. Part storage unit 

5. Load/unload robot 


Loss of power. power overload, thermal deflection, 
cutting temperature too high. vibration, no coOtant, 
chip fouiing. wrong part program, defective part 
Tool breakage. too wear-out, vibration, tool not present, 
wrong tool 

Part not in fixture, damps not actuated. part dislodged 
during 

machining, part deflection during machining, part 
breakage, chips causing location problems 
Workpart not present, wrong workpart, oversized or 
undersized workpart 

Improper grasping of workpart, robot drops workpart, 
no part present at pickup 


designed for ihe error detected, execuies the subroutine, and Ihen retums to the work 
cycle program. I his action reflecls a low level of urgency and is most commonly as- 
sociated with random errors in Ihe process. 

2. Make udjustments durui}’ ihe curreni cycle. I his generally indicates a higher level of 
urgency than the preceding type. In this case, the action to correct or compensate for 
the detected error is initialcd as soon as the error is detected. However, it must be 
possible tt> accoinplish the designated corrective action while the work cycle is still 
being executed. 

3. Stop the process to invoke correetive action. In this case, the deviation or malfunction 
requires that the execution of the work cycle be suspended during corrective action. 
It is assumed that the system is capablc of automatically recovering from the error 
without human assistance. At the end of the corrective action, the regular work eyele 
is continued. 

4. Stop ihe process and cattfbrhelp. In this case, the error requiring stoppage of the process 
cannot be resolved through automated recovery procedures. This situation arises be- 
cause. (I) the automated cell is nol enabled to correct the problem or (2) the error can¬ 
not be classified into the predefined list of errors. In either case, human assistance is 
required to correct the problem and restore the system to fulty automated operation. 

lirror detection and recovery requires an interrupt system (Section 4.3.2). When an 
error in the process is sensed and identified. an interrupt in the current program execution 
is invoked to branch to the appropriatc recovery subroutine.This is done either at the end 
of the current cycle (type 1 above) or immediateiy (types 2,3, and 4). At the completion of 
the recovery procedure, program execution reverts back to normal operation. 

EXAMPLE 3.3 Error Recovery in an Automated Machining CeU 

For the automated cell of Example 3.2.develop a list of possible corrective ac¬ 
tions thai might be taken by the system to address certain of the errors. 
Solution: A list of possible corrective actions is presented in Table 3.4. 
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TABLE 3.4 Error Recovery in an Automated Machining Cell: Possible Corrective Actions That 
Might Be Taken in Response to Errors Detected During the Operation 

Errors Detected Possible Corrective Actions to Recover 


Part dimensions deviating due to 
thermal deflection of machina tool 
Part dropped by robot during pickup 
Part is dimensionally oversized 


Chatter (tool vibration) 

Cutting temperature too high 
Eailure of cutting tool 

No more parts in parts storage unit 
Chips fouliny machining operation 


Adjust coordinates in part program to compensate 
(category 1 corrective action) 

Reach foranotber part Icategory 2 corrective action) 
Adjust part program to take a preliminary machining 
pass across the work surface (category 2 corrective 
action) 

Increase or decrease cutting speed to change harmonic 
frequency (category 2 corrective action) 

Reduce cutting speed (category 2 corrective action) 
Replace cutting lool with another Sharp tool (category 
3 corrective action). 

Call operator to resupply starting workparts (category 4 
corrective action) 

Call operator to clear chips from work area (category 4 
corrective action) 


3.3 LEVELS OF AUTOMATION 

The conccpt of automated systems can be apphed to various levels of factory operations. 
One normally associates automation with the individual production machines. However, 
the production machine itself ts made up of subsystems that may themselves be automat¬ 
ed. For example. one of the important automation technologies we discuss in this part of 
the book is numcrica) control (Chapter 6). A modern numerical control (NC) machine tool 
is an automated system. However, the NC machine itself is composed of multiple control 
systems. Any NC machine has at least two axes of motion, and some machines have up to 
five axes. Each of these axes operates as a positioning system, as describcd in Section 3.1.3, 
and is, in effeet, itself an automated system. Similarly, a NC machine is often part of a larg- 
er manufacturing system, and the larger system may itself be aulomated. For example, two 
or three machine lools may be connected by an automated part handling system operat¬ 
ing under computer control. The machine tools aiso receive instructions {e.g., part pro¬ 
grams) from the computer. Thus we have three levels of automation and control included 
here (the positioning system level, the machine tool level, and the manufacturing system 
level). For our purposes in this text, we can identify five possible le vels of automation in a 
production plant. They are defined next, and their hierarchy is depicted in Figure 3.6. 

1. Device level. This is the lowest level in our automation hierarchy. It includes the ac- 
tuatore, sensors, and other hardware components that comprise the machine level. 
The deviccs are combined into the individual control loops of the machine; for ex¬ 
ample, the feedback control loop for one axis of a CNC machine or one joint of an 
industrial robot. 

2. Machine level. Hardware at the device level is assemblcd into individual machines. Ex- 
amplcs include CNC machine tools and similar production equipment, industrial ro¬ 
bots, powered conveyors, and automated guided vehicles. Control funetions al this 
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Descnplion/Exanples 


Manufacturing system- 
groups of machines 


Individual machint 


Sensort. actuators. other 
hardware elements 


Figure 3.6 Fivc levels of automation and control in manufacturing. 


level include performing the sequence of steps in the program of instructions in the 
corrcct order and making sure fhat each step is properly executed. 

3. Cell or system level. This is the manufacturing cell or system level, which operates 
under instructions from the plant level. A manufacturing cell or system is a group of 
machines or workstations connected and supported by a material handling system, 
computer, and other equipment appropriate to the manufacturing process. Produc- 
tion lines arc included in this level. Functions include part dispatching and machine 
loading. coordination among machines and material handling system, and collecting 
and evaluating inspection data. 

4. Plant level. This is the factory or production systems level. It receives instructions 
from the corporate information system and translates them into operational plans 
for production. Likcly functions include: order processing, process planning, inven- 
tory control, purchasing, material requirements planning, shop floor control, and qual- 
ity control. 

5. Enterprise level .This is the highest level, consisting of the corporate information sys¬ 
tem. It is concerned with all of the functions necessary to manage the company: mar¬ 
keting and sales, accounting, design, research, aggregate planning, and master 
production scheduling. 

Most of the lechnologies diseussed in this part of the book are at level 2 (the ma- 
cliine level), although we discuss level 1 automation technologies (the devices that make 
up a control system) in Chapter 5. The level 2 technologies include the individual con¬ 
trollers (e.g.. programmable logic controllers and digital computer controllers), numerical 
control machines. and industrial robots.Thc material handling equipnieut diseussed in Part 
II also represent technologies at level 2. although some of the handling equipment are 
themselves sophisticated automated systems. The automation and control issues at level 2 
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are conceraed with thc basic operation of the equipment and the physical processes they 
perform. 

Controllers. machines. and material handling equipment are combined into manu¬ 
facturing cells. or production lines, or similar systems, which make up level 3, considered 
in Part III. A manufacturing system is defined in this book as a collection of integrated 
equipment designed for some special mission, such as machining a defined part family or 
assembly of a certain product. Manufacturing systems also include people. Certain highly 
automated manufacturing systems can operate for extcndcd periods of time without hu¬ 
mans present toattend to their nceds. But most manufacturing systems include workersas 
important elements of thc system: for example, assembly workers on a cnnveyorized pro¬ 
duction line or part loaders/unloadcrs in a machining celi. Thus, manufacturing systems 
are designed with varying degreesof automation; some are highly automated, others are 
completely manual, and there is a wide range between. 

The manufacturing systems in a factory are components of a larger system, which we 
refer to as a production system. We define a production system as the people, equipment. 
and procedures that are organized for the combination of materials and processes that 
comprise a company’s manufacturing operations. Production systems are at level 4, the 
plant level, while manufacturing systems are at level 3 in our automation hicrarchy. Pro¬ 
duction systems include not only thc groups of machines and workstations in the factory 
but also the support procedures that make them work. These procedures include produc¬ 
tion control, inventory control. material requirements planning. shop floor Control, and 
quality control. These systems are discussed in Parts IV and V. They are often imptemenl- 
ed not only at the plant level but also al the corporate level (level 5). 
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The contrul system is onc of the three basic components of an automation system (Sec- 
lion 3.1). In this chapter, we etamine industrial Control systems, in particular how digital 
computers are used to implement the control function in production. Industrial control is 
defined here as the automatic regulation of unit operations and their associated equip- 
ment as well as the integration and coordination of the unit operations into the larger 
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production system. In the context of our book, the term unit operations usually refers lo 
manufacturing operations; howevcr, the term also appiies to the operation of material han¬ 
dling and other industrial equipmenl. Let us begin our chapler by comparing industrial 
Control as it is applicd in the processing industries and how it is applied in the discrete 
manufacturing industries. 


4.1 PROCESS INDUS TRIES VERSUS OISCRE TE 
MANUFACTURING INDUSTRIES 

In out previou# discussion of industry types in Chapter 2, wc divided industries and their 
production operations into two basic categories; (1) proccss industries and (2) discrete 
manufacturing Industries (Section 2.1). Process industries perform their production oper¬ 
ations on amounts of materials, because the materials tend to be liquids, gases, powders, and 
similar materials, whereas discrete manufacturing industries perform their operations on 
quantities of materials, because the materials tend to be discrete parts and products. The 
kinds of unit operations performed on the materials are different in the two industry cal- 
egories. Some of the typical unit operations in each category are listed in Tablc 4.1. 

4.1.1 Levels of Automation in the Two Industries 

The Icvels of automation (Section 3.3) in the two industries are compared in Tablc 4,2. 
The significant differences are seen in the low and intermediate levels. At the device level, 
therc are differences in the types of actuators and sensors used in the two industry cate¬ 
gories. simply because the processes and equipment are different. In the process indus¬ 
tries, the devices are used mostly for the control loops in Chemical, thermal, or similar 
processing operations, whereas in discrete manufacturing, the devices control the me- 
chanical actions of machines. At the ncxt level above, Ihe difference is that unit operations 
are controlled in the process industries, and machines are controlled in the discrete man¬ 
ufacturing operations. At Ihe third level, the difference is between control of intercon- 
nected unit processing operations and inierconnected machines. At the upper levels (plant 
and enterprise), the control issues are similar. allowing for the faet that the products and 
processes are different. 


TABLE 4.1 Typical Unit Operations in the Process Industries and Discrete 
Manufacturing Industries 


Typical Unit Operations 
in the Process Industries 

Typical Unit Operations in the 

Discrete Manufacturing Industries 

Chemical reactions 

Casting 

Comminution 

Forging 

Deposition (e.g., Chemical vapor 

Ext rusion 

deposition) 

Machining 

Distillation 

Mechanicøl assembly 

Heatirtg 

Plastic molding 

Mixing and blending of ingredients 
Separation of ingredients 

Sheet metal stamping 
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TABLE 4.2 Levels of Automation in the Process Industries and Discrete Manufacturing Industries 


Level of Automation 

Level in the Process Industries 


Level of Automation in the Discrete 
Manufacturing Industries 


5 Corporate level —management 

information system, strateglc planning, 
high-level management of enterprise 
4 Plant level —scheduling, tracking 

materiels, equipment monitoring 

3 Supervisory control level —control and 

coordination of several interconnected unit 
operations that make up the total process 


2 Regulatory control level —control of unit 

operations 

1 Device level —sensors and actuators comprising 

the basic control loops for unit operations 


Corporate level —management 
information system, strategio planning, 
high-level management of enterprise 
Plantor factory level —scheduling, 
tracking work-in-process, routing parts 
through machines, machine utilization 
Manufacturing cell or system level — 
control and coordination of groups of 
machines and supporting equipment working 
in coordination, including material handling 
equipment 

Machine levei —production machines and 
workstations for discrete part and product 
manufacture 

Device level—sensors and actuators to 
accomplish control of machine actions 


4.1.2 Variables and Parameters in the Two Industries 

The distinetion belween process industries and discrete manufacturing industries extends 
to the variables and parameters that characterize the respective production operations.The 
read er will recall from the previous chapter (Sectiun 3.1.2) that we defined variables as out¬ 
puts of the process and parameters as inputs to the process. In the process industries. the vari¬ 
ables and parameters of interest tend to be continuous, whereas in discrete manufacturing, 
they tend to be discrete. Let us explain the differences wiih reference to Figure 4.1. 



Figure 4.1 Continuous and discrete variables and parameters in 
manufacturing operations. 
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A continuous variable (or parameter) is one that is uninterrupted as time proceeds. 
at Icast during the manufacturing operation. A continuous variable is generally consid- 
ered to be analog, which means it can take on any value within a certain range. The vari¬ 
able is nol restricted to a discrele set of values. Production operations in both the process 
Industries and discrete parts manufacturing are characterized by continuous variables. Ex- 
amples include force, temperature, flow rate, pressure, and velocity. All of tlusse variables 
(whichever ones apply to a given production process) are continuous over time during the 
process, and they can take on any of an infinite number of possible values within a certain 
practical range. 

A discrete variable (or parameter) is onc that can take on only certain values within 
a given range. The most common type of discrete variable is binary, meauing it can take on 
either of two possible values, ON or OFF, open or closed, and so on. Examples of discrete 
binary variables and parameters in manufacturing include: limit switch open or closed, 
motor on or off, and workpart present or not present in a fixture. Not all discrete variables 
(and parameters) are binary. Other possibilities are variables that can take on more than 
two possible values but less than an infinite number, that is, discrete variables other than bi¬ 
nary. Examples include daily piece counts in a production operation and the display of a 
digital tachometer. A special form of discrete variable (and parameter) is pulse data, which 
consist of a train of pulses as shown in Figure 4.1. As a discrete variable, a pulse train might 
be used to indicate piece counts; for example, parts passing on a conveyor activate a pho- 
tocell to produce a pulse for each part detected. As a process parameter, a pulse train might 
be used to drive a stepper motor. 


4.2 CONTINUOUS VERSUS DISCRETE CONTROL 

Industrial control systems used in the process industries have tended to emphasize the 
control of continuous variables and parameters. By contrast, the manufacturing industries 
produce discrete parts and products, and the controllers used here have tended to empha¬ 
size discrete variables and parameters. Just as we have two basic types of variables and pa¬ 
rameters that characterize production operations, we also have two basic types of control: 
(1) continuous control, in which the variables and parameters are continuous and analog-, 
and (2) discrete control, in which the variables and parameters are discrete, mostly binary 
discrete. Some of the differences between continuous control and discrete control are sum- 
marized in Table 4.3. 

In reality, most operations in the process and discrete manufacturing industries tend 
to include both continuous as well as discrete variables and parameters. Consequenlly, 
many industrial controllers are designed with the capability to receive, operate on, and 
transmit both types of signals and data. In Chapter 5, we discuss the various types of sig¬ 
nals and data in industrial control systems and how the data are converted for use by dig¬ 
ital computer controllers. 

To complicate matters, with the substitution of the digital computer to replace ana¬ 
log controllers in continuous process control applications starting around 1960 (Historica) 
Note 4.1), continuous process variables are no longer measured continuously. Instead, they 
are sampled periodically, in effeet creating a discrete sampled-data system that approximates 
the actuai continuous system. Similarly, the control signals sent to the process are typical- 
ly stepwise funetions that approximate the previous continuous control signals transmitted 
by analog controllers. Hence, in digital computer process control, even continuous vari- 
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Versus Discrete Control 


TABLE 4.3 Comparison Between Cominuous Control and Discrete Control 


Comparison Factor 

Continuous Control 
in Process Industries 

Discrete Control in Discrete 
Manufacturing Industries 

Typical measures of product 
output 

Weight measures, liquid volume 
measures, solid volume measures 

Number of parts, number of 
Products 

Typical quality measures 

Consistency, concentration of 
solution, absence of contaminants, 
conformance to specification 

Dimensions, surface finish, 
appearance, absence of defeets, 
product reliability 

Typical variables and 
parameters 

Temperature, volume flow rate, 
pressure 

Position, velocity, acceleration, 

Typical sensors 

Flow meters, thermocouples, 
pressure sensors 

Limit switches, photoelectric 
sensors, strain gages, 
piezoelectric sensors 

Typical actuators 

Valves, heaters, pumps 

Switches, motors, pistons 

Typical process time 
constants 

Seconds, minutes, hours 

Less than a second 


ables and parameters possess character isiiis of discrete data, and these characteristics must 
be considered in the design of the cotnputer-process interface and the control algorithms 
used by the controller. 

4,2.1 Continuous Control Systems 

In continuous control. the usual objective is to maintain the value of an output variable at 
a desired level, similar to the operation of a feedback control system as defined in the pre- 
vious chapter (Section 3.1.3). However, most continuous processes in the practical worid 
consist of many separate feedback loops, all of which have to be controlled and coordi- 
nated to maintain the output variable at the desired value. Examples of continuous process¬ 
es are the foliowing: 

• Control of the output of a Chemical reaction that depends on temperature, pressure, 
and input flow rates of several reactants. All of these variables and/or parameters are 
continuous. 

• Control of the position of a workpart relative to a cutting tool in a contour milling op¬ 
eration in which complex curved surfaces are generated. The position of the part is 
defined by x-, y-, and z-coordinate values. As the part moves, the x, y, and z values 
can bc considered as continuous variables andfor parameters that change over time 
lo machine the part. 

There are several approaches by which Ihe control objective is achieved in a contin¬ 
uous process control system. In the foliowing paragraphs, we survey the most prominent 
catcgories. 

Regulatory Control, ln regulatory control, the objective is to maintain process per- 
formance at a certain level or within a gi ven tolerance band of that level. This is appropriate, 
for example, when the performance attribute is some measure of product quality, and it is 
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Figure 4.2 Regulatory control. 


imporlant to kcep the quality at the specified level or within a specified range. In many ap- 
plicalions, the performance measure of the process, sametimes called the index of perfor- 
manee. must be calculated based on se veral output variables of the process. Exccpt for this 
feature, regulatory control is to the overall process what feedback control is to an individ- 
ual control loop in the process, as suggested by Figure 4.2. 

The troublc with regulatory control (the same problem exists with a simple feedback 
control loop) is that compensating action is taken only after a disturbance has affeeted the 
process output. An error must bc present forany control action to be taken.The presence 
of an error means that the output of the process is different from the desired value.The fol- 
lowing control mode, fcedforward control, addresses this issue. 

Feedforward Control. The strategy in feedforward control is to anticipate the ef- 
feet of disturbances that will upsec the process by sensing them and compensating for them 
before they can affeet the process As shown in Figure 4.3. the feedforward control ele¬ 
ments sense the presence of a disturbance and take corrective action by adjusting a process 
parameter that compensates for any effeet the disturbance will have on the process. In the 
ideal case. the compensation is completely effeetive. However. complete compensation is 
unlikely because of imperfeetions in the feedback measurements, actuator operations, and 
control algorithms, so feedforward control is usually combined with feedback control, as 
shown in our figure. Regulatory and feedforward control are more closely associated with 
the process Industries than with discrete product manufacturing. 


Disturbance 



Figure 4.3 Feedforward control, combined with feedback control. 
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Steady-State Optimization. This term refers to a class of optimization techniques 
inwhichthc processexhibilsthcfollowingcharacteristics: (1) there isa well-defined index 
of performance, such as product cosl, production rate, or process yield: (2) the relationship 
between the process variables and the index of performance is known; and (3) the values 
of thc system parameters that optimi/e the index of performance can be determined math- 
ematically. Whcn these characteristics apply, the control algorithm is designed to make ad- 
justments in the process parameters to drive the process toward the optimal State. The 
control system is open-loop, as seen in Figure 4.4. Several mathematical techniques are 
available for solving stcady-state optimal control problems, including diffcrential calculus. 
calculus of variations, and a variety of mathematical programming mcthods. 

Adaptive Control. Steady-state optimal control operates as an open-loop system. 
Il works successfully when there are no disturbances that invalidate the known relation¬ 
ship between process parameters and process performance. When such disturbances are pre¬ 
sent in the application, a self-correcting form of optimal control can be used.called adaptive 
control. Adaptive control combines feedback control and optimal control by measuring 
the relevant process variables during operation (as in feedback control) and using a con¬ 
trol algorithm that attempts to optimize some index of performance (as in optimal control). 

Adaptive control is distinguished from feedback control and steady-state optimal 
control by its unique capabflity to cope wlth a time-varying environment. U is not unusu- 
al for a system to operate in an environment that changes over time and for the changes 
to have a potential effect on system performance. If the internal parameters or mecha- 
nisms of the system are fixed, as in feedback control or optimal control. the system may per¬ 
form quite differently in one type of environment than in another An adaptive control 
system is designed to compensate for its changing environment by monitoring its own per¬ 
formance and altering some aspect of its control mechanism to achieve optimal or near-op- 
timal performance. In a production process, the "time-varying environment" consists of 
the day-to-day variations in raw materials. tooling. atmospheric conditions, and the likc, 
any of which may affeet performance. 

The general configuration of an adaptive control system is illustrated in Figure 4.5. 
To evaluate its performance and respond accordingiv, an adaptive control system performs 
three funetions, as shown in the figure: 

1. Identification funetion. In this funetion, the current value of the index of performance 

of the system is determined, based on mcasurements collected from the process. Since 



Figure 4.4 Steady-state (open-ioop) optimal control. 
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Figure 4.5 Configuration of an adaptive control system. 


the environment changes over time, system pcrformance also changes. Accordingly, 
tbe identification function must be accomplished more or less continuously over time 
du ring system operation. 

2. Decision function. Once system performance has been determined, the next function 
is to decide what changes should be made to improve performance. The decision 
function is implemented by means of the adaptive system's programmed algorithra. 
Depending on this algorithm. the decision may bc to charge onc or more input pa¬ 
rameters to the process, to alter some of the intema! parameters of the controller, or 
other changes. 

3. Modificaiion function.The third function of adaptive control is to implement the de¬ 
cision. Whereas decision is a logic function, modificaiion is concerned with physical 
changes in the system, ft involves hardware rather than software. In modification, 
the system parameters or process inputs are altered using available actuators to drive 
the system toward a more optimal State. 

Adaptive control is most applicable at levels l and 3 in our automation hierarchy 
(Table 4.2). Adaptive control has been the subject of research and development for sever- 
al decades, originally motivated by problems of high speed flight control in the age of jet 
aircraft.The principles have been applied in other areas as well,including manufacturing. 
One notable effort is adaptive control machining. 

On-Line Search Strategies. On-linc search strategics can bc used to address a 
special class of adaptive control problem in which the decision function cannot be suffi¬ 
ciently defined; that is, the relationship between the input parameters and the index of per¬ 
formance is not known, or not known well enough to use adaptive control as previously 
described.Therefore, it is not possible to decide or the changes in the intemal parameters 
of the system to produce the desired performance improvement. Instead, experiments must 
be performed on the process. Small systematic changes are made in the input parameters 
of the process to observe what effeet these changes will have on the output variables. Based 
on the results of these experiments, larger changes are made in the input parameters to drive 
the process toward improved performance. 
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On-line search strategies include a variety of schemes to explore the effects of changes 
in process parameters, Tanging from trial-and-error techniques to gradient methods. All of 
the schemes attempt to determine which input parameters cause the greatest positive ef- 
fect on the index of performance and then move the process in that direction. There is lit- 
tle evidence that on-line search techniques are used much in discrete parts manufacturing. 
Their applicalions are more common in the continuous process industries. 

Other Specialized Techniques. Other specialized techniques include strategies 
that are currently evolving in control theory and computer science. Examples include leam- 
ing systems, expert systems, neural networks, and other artificial intelligence methods for 
process control. 

4.2.2 Discrete Control Systems 

In discrete control, the parameters and variables of the system are changed at discrete mo¬ 
ments in time.The changes involve variables and parameters that are also discrete, typically 
binary (ONZOFF).The changes are defined in advance by means of a program of instruc- 
tions, for example, a work cycle program (Section 3.1.2). The changes are executed either 
because the State of the system has changed or because a certain amount of time has 
clapsed.These two cases can be uistinguished as (l) event-driven changes or (2) time¬ 
driven changes [3). 

An event-driven change is executed by the controller in response to some event that 
has caused the State of the system to be altered. The change can be to initiate an operation 
or termmate an operation,start a motor or stop il, open a valve or close it, and so forth. Ex¬ 
amples of event-driven changes are: 

• A robot ioads a workparl into the fixture, and the part is sensed by a limit switch. Sens- 
ing the part’s presence is the event that alters the system State. The event-driven 
change is that the automatic machining cycle can now commence. 

• The diminishing level of plastic molding compound in the hopper of an injection 
molding machine triggen, a low-level switch, which in tum triggers a valve to open that 
starts the flow of new plastic into the hopper. When the level of plastic reaches the 
high-level switch, this triggers the valve to close, thus stopping the flow of pellets into 
the hopper. 

• Counting parts moving along a conveyor past an Optical sensor is an event-driven 
system. Each part moving past the sensor is an event that drives the counter. 

A time-driven change is executed by the control system either at a specific point in 
time or after a certain time lapse has occurred. As before, the change usually consists of 
starting something or stopping something, and the time when the change occurs is impor- 
tant. Examples of time-driven changes are: 

• In factories with specific starting times and ending times for the shift and uniform 
break periods for all workers, the “shop clock” is set to sound a bcll at specific mo¬ 
ments during the day to indicate these start and stop times. 

• Heat treating operations must be carried out for a certain length of time. An auto¬ 
mated heat treating cycle consisis of automatic loading of parts into the fumace (per¬ 
haps by a robot) and then unloading after the parts have been heated for the spedfied 
length of time. 
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• In thc operation of a washing machine, once the laundry tub has been filled to the 
preset level, the agitation cycle continues for a length of time set on the Controls. 
When this time is up, the timer stops the agitation and initiales draining of the tub. 
(By comparison with the agitation cycle. filling thc laundry- tub with water is event¬ 
driven. Filling continues until the proper level has been sensed, which causes the inlet 
val ve to close.) 

The two types of change correspond to two different types of discrete control, called 
combinational logic control and sequential Control. C.omhinational logic conirol is used to 
control thc execution of event-driven changes, and sequential control is used to manage 
time-driven changes.The.se types of control are tliscussed in our expanded coverage of dis¬ 
crete conlroi in Chapter 8. 

Discrete control is widely used in discrete manufacturing as well as the process in 
dustries. In discrete manufacturing, it is used to control the operation of conveyors and 
other material transport systems (Chapter Hl), automated storage systems (Chapter 11), 
stand-alone production machines (Chapter 14), flexible manufacturing systems (Chapter 
16), automated transfer lines (Chapter 18), and automated assembly systems (Chapter 19). 
All of these systems operate by following a well-defined sequcnce of start-and-stop ac¬ 
tions, such as powered feed motions, parts transfers between workstations, and on-line au¬ 
tomated inspections, which are well-suited to discrete control. 

In the process Industries, discrete control is associated more with batch processing than 
with continuous processes. In a typical batch processing operation, each batch of starting 
ingredients is subjected to a cycle of processing steps that involves changes in process pa¬ 
rameters (e.g., temperature and pressure changes), possible flow from one container to an- 
other during the cycle, and finally packaging.The packaging step differs depending on the 
product. For foods, packaging may involve canning or boxing. For Chemicals, it means fill¬ 
ing containers with the liquid product. And for pharmaceuticals, it may involve filling bot- 
tles with medicine tablets. In batch process control. the objective is to manage the sequence 
and timing of processing steps as well as to regulate the process parameters in each step. 
Accordingly. batch process control typically includes both continuous control as well as 
discrete control. 


4.3 COMPUTER PROCESS CONTROL 

The use of digital computers to control industrial processes had its origins in the conlinu- 
ous process industries in the late 1950s (Historical Note 4.1). Prior to then, analog con¬ 
trollers were used to implement continuous control, and relay systems were used to 
implement discrete control. Al that time. computer technology was in its infancy, and the 
only computers available for process control were large, expensive mainframes. Compared 
with today’s technology, the digital computers of the 1950s were slow, unreliable, and not 
well suited to process control applications. The computers that were installed sometimes 
cost more than the processes they controlled. Around 1960, digital computers started re- 
placing analog controllers in continuous process control applications; and around 1970, 
programmable logic controllers started replacing relay hanks in discrete control applica¬ 
tions. Advances in computer technology sincc the 1960s and 1970.S have resulted in the de- 
velopment of the microprocessor. Today, virtually al! industrial processes, certatnly new 
installations, are controlled by digital computers based on microprocessor technology. Mi- 
croprocessor-based controllers are discussed in Section 4.4 6. 
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! Historical Note 4.1 Computer process control [2], [12]. 

Control of industrial processes by digital computers can bc traced to the process Industries in 
the latc ISSOs and eariy 1960s. These industries. such as oil refineries and Chemicals, use high- 
volume continuous produuion processes characterbed by many variables and associatcd Con¬ 
trol loops.The processes had Iraditionally heen oontrolled by analog deviccs, cach loop having 
i ts own set point value and m most mstances operating independently of other loops. Any co- 
ordinatmn of the process was accomplished in a central control room, where workers adjust- 
cd the individualscctings.atlemptin6to aehievestability and economy in the process. The cost 
of the analog deviccs for all of the control loops was considerable, and the human coordina- 
tion ol the process was less than optimal The commercial development of the digital com- 
I puter in the I ')50s offered the opportunity to replace some of the analog control deviccs with 
the computer. 

The first knowu allempt to usc a digital computer for process control was at a Texaco 
refinery in Port Arthur,Texas in the late 1 950s. Texaco had been contacted in 1956 by computer 
manufacturcr Thomson Ramo Woodridgc (TRW), and a feasibility study was conducted on a 
polymenzation unit at the refinery. The computer control system went on-linc in March 1959. 
The control npphcation involved26flows,72 iemperaturcs,3 pressures.and 3 compositions-This 
pioneering work did not escape Ihe noticc of other companies in the process Industries as well 
as other computer companies The process industries saw computer process control as a means 
of auiommion. and ihc computci unnpniiics saw a potential market for thelr prodUCtS. 

The avaikble computers in the latc 19S0s were not reliable, and most of the subsequent 
process coatrol installations operated by eilher printing out instructions for the operator or by 
making adiuslmcnts in ihe set points of analog controllers, thereby rcducing the risk of process 
downlime duc lo computer problems The latter mode of operation was called set point Con¬ 
trol. By March 1961. a total of 37 computer process control systems had been installed. Much 
expcricnce was gained front these eariy installations. The interrupt feature (Section 4.3.2). by 
whieh the computer suspends current program execution to quickly respond to a process need, 
was developed during this period. 

The first direct digital control (DDC) system (Section 4.4.2), in which certain analog de¬ 
viccs are replaced by the computer, was installed by Imperial Chemical Industries in England 
in l%2. In this unplemcniation,224 process variables were measured, and 129 actuators (valves) 
were controllcd. Improvements in DDC technology were made, and additronal systems were 
installed during ihc 1960*. Advaniages ol DDC noted during this time included: (1) cost sav- 
ings from elimination of analog instrumentationfor large systems. (2) simplified operator dis¬ 
play panels, and (3) flexibilily through reprogramming capability. 

Computer technology was advancing. leading to the development of the minicomputer 
in Ihe latc 1960s. Process control applications were easier to justify using these smaller, less- 
expensive computers. Developmeni of the microcomputer in the eariy 1970s cnntinued this 
trend. Ixwcr cost process control hardware and interface equipment (such as an al og-t o-digi¬ 
tal convertcrs) were becoming availaNe due to the larger markets made possible by low-cost 
computer controllers. 

Most of the developments in computer process control up to this lime were biased toward 
the process industries rather than discrctc part and product manufacturing Just as analog de¬ 
viccs had been used lo automate process industry operations, relay banks were widely used to 
satisfy the ciscrcte process control (ON/OFF) requirements in manufacturing autDmation.The 
programmcble logic controller (PLC), a control computer designed for discrete process con¬ 
trol, was developed in the eariy 1970s (Historical Note 8.1). Also. numericalcontrol (NC) ma- 
chinc lools (Historical Note 6.1) and industria] robots (Historical Note 7.1), tcchnologies ihat 
preccded computer conlrol.xtarted to be designed with digital compulers as their controllers 

The availabililv of low-cost microcoraputers and programmable logic conlrollers re- 
sulted in a growing number of installations in which a process was controlled by multiple com¬ 
puters networked together. The term dutributedcontrol was used for this kind of system, the 
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fiist of which was a product offcrcd by Honeywell ia 1975. In the early 1990s, personal com¬ 
puters (PCS) began being utilized on the factory floor.sometimcs to pr<wide scheduling and en¬ 
gineering data to shop floor personnd. in othex cases as the operator interface to processes 
controlied by PLCs. Today, a growing number of PCs are being used to direetly control man¬ 
ufacturing operations. 


Let us consider the requirements placed on the computer in industriai control ap- 
plications. We then examine the capabilities that have been incorporated into the control 
computer to address these requirements. and finally we observe the hierarchical structure 
of the funetions performed by the control computer. 

4.3.1 Control Requirements 

Whether the application involves continuous control, discrete control. or both, there are cer- 
tain basic requirements that tend to be common to nearly all process control applications. 
By and large, they are concerned with the need to communicate and interact with the 
process on a real-time basis. A red-time controller is able to respond to the process within 
a short enough time period that process performance is not degraded. Factors thal deter- 
mine whether a computer controller can operate in real time include: (1) the speed of the 
controller's central processing unit (CPU) and its interfaces. (2) the controller’s operating 
system, (3) the design of the application software, and (4) the number of different input/out¬ 
put events to which the controller is designed to respond. Real-time control usually re- 
quires the controller to be capable of multitasking. which means coping with multiple tasks 
concurrently without the tasks interfering with one another. 

There are two basic requirements that must be managed by the controller to achieve 
real-time control: 

1. Process-inihated interrupts. The controller must be able to respond to incoming sig¬ 
nals from the process Depending on the relative importance of the signals, the com¬ 
puter may need to interrupt execution of a current program to service a higher priority 
need of the process A process-initiated interrupt is often triggered by abnormal op¬ 
erating conditions, indicating that some corrective action must be taken promptly. 

2. Timer-initiated acfionj.The controller must bc capable of excculing cerlain actions at 
specified points in time. Timer-initiated actions can be generated at regular time in¬ 
tervals, ranging from very low values (e.g., 100 p s) to several minutes. or they can be 
generated at distinet points in lime. Typical timer-initiated actions in process control 
include: (1) scanning sensor values from the process at regular sampling intervals, 
(2) tuming on and off switches, motors, and other binary devices associated with the 
process at discrete points in time during the work cycle, (3) displaying performance 
data on the operator's console at regular times during a production run, and (4) re- 
computing optimal process parameter values at specified times. 

These two requirements correspond to the two types of changes mentioned previously in 
the context of discrete control systems: (1) event-driven changes and (2) time-driven changes. 

In addition to these basic requirements. the control computer must also deal with 
other types of interruptions and events. These include: 

3. Computer commands to process. In addition to incoming signals from the process, 
the control computer must be able to send control signals to the process to accom- 
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plish a corrective action.These output signals mav actuate a certain hardware device 
or readjusl a set point in a Control loop. 

4. System- and program-mitiated evente.These are events related to the computer sys¬ 
tem itseir.They arc similar to the kinds of computer operations associated with busi¬ 
ness and engineering applications of computers. A sysrem-initiated event involves 
Communications among computers and peripheral devices linked together in a net- 
work. In these multiple computer net works, feedback signals, control commands,and 
other data rnusl be transferred back and forth among the computers in the overall con¬ 
trol of the process. A program-initiated event is when some non-process-relaled ac¬ 
tion is callcd for in the program, such as the pr nting or display of reports on a printer 
or monitor. In process control.system- and program-iniiialed events generally occu- 
py a low level of priority compared with process inlcrrupts,commands to the process. 
and timer-initiated events. 

5. Operator-iniuated events. Finally. the control computer must bc able to accept input 
from operating personnet. Operator-initiated events include: (1) entering new pro¬ 
grams: (2) editing existing programs: (3) entering cuslomer data, order number, or 
startup instructions for the ncxt prnduetion run; (4) request for process data; and 
(5) emergeney stop. 

4.3,2 Capabilities of Computer Control 

The above requiremcntscan be salisfied by providing the controller with certain capabil¬ 
ities that allow it to internet on a real time basis with the process and the operator.The ca¬ 
pabilities are: (1) polling, (2) interlocks. (3) interrupt system, and (4) exception handling. 

Polling (Data Sampling). In computer process control, polling refers to the peri- 
odic sampling of data that indicates the status of the process. Whcn the data consist of a con- 
tinuous analog signal, sampling rueaus tliat the continuous signal issubslituted with a series 
of numerical values that represent the continuous signal at discrete moments in time.The 
same kind of substitution holds for discrete data. cxccpt (hat the number of possible nu¬ 
merical values the data can take on is more limited—certainly the case with binary data. 
Wc discuss the tcchniques by which continuous and discrete data are entered into and 
transmitted from the computer in Chapter .1. Other names used for polling include sampling 
and scanning. 

In some systems, the polling procedure simply requests whether any changes have 
occurred in the data since Ihe last polling cycle and then collects only the new data from 
the process. This tends to shorten the cycle time required for polling. Issues related to 
polling include: 

1. PoVnng frequeney. This is the reciprocal of the time interval between when data 
are collectcd 

2. Polling order. The polling order is the sequence in which the different data collection 
points of the process are sampled. 

3. Polting format. This refers to the manner in which the sampling procedure is de¬ 
signed. Vhe alternatives include: (a) entering all new data from al) sensors and other 
devices every polling cycle; (b) updating the control system only with data that have 
changed since the last polling cycle; or (c) using high-level and low-level scanning, or 
conditional scanning, in which onlv certain key data are normally eollected each 
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polling cycle (high-level scanning), but if the data indicates some irregularity in the 
process. a low-level scan is undertaken to coilect more-complete data to ascertain 
the source of the irregularity. 

These issucs become increasingly critical with very dynamic processes in which changes in 
process slams occur rapidly. 

Interlocks. An interlock is a safeguard mechanism for coordinating the activities of 
two or more devices and preventing one device from interfering with the other(s). In process 
control. interlocks provide a means by which the controller is able to sequence the activi¬ 
ties in a work cell.ensuring ihat the actions of one piece of equipment arc compieted be- 
fore the nexl piece of equipment begins its activity. Interlocks work by regulating the flow 
of control signals back and forth between the controller and the external devices. 

There are two types of interlocks, input interlocks and output interlocks, where input 
and output are defined relative to the controller. An input interlock is a signal that origj- 
nates from an external device (e.g., a limit switch, sensor, or production machine) and is sent 
to the controller. Input interlocks can be used for cither of thefollowing funetions: 

1. To proceed with the execution of the work cycle program. For example, the production 
machine communicates a signal to the controller that it has completed its processing 
of the part.This signal constitutes an input interlock indicating that the controller can 
now proceed to the next step in the work cycle, which is to unload the part. 

2. To interrupt the execution of the work cycle program. For example, while unloading 
the part from the machine, the robot accidentally drops the part. The sensor in its 
gripper transmits an interlock signal to the controller indicating that the regular work 
cycle sequence should be interrupted until corrective action is taken. 

An output interlock is a signal sent from the controller to some extemal device. It is 
used to control the activities of each extemal device and to coordinate its operation with 
that of the other equipment in the cell. For example, an output interlock can be used to send 
a control signal to a production machine lo begin its automatic cycle after the workpart has 
been loaded into it. 

Interrupt System. Closely related to interlocks is the interrupt system. As sug- 
gested by our discussion of input interlocks, there are occasions when it becomes necessary 
for the process or operator to interrupt the regular controller operation to deal with more- 
pressing matters. All computer systems are capable of being interrupted; if nothing else, by 
turning off the power. A more-sophisticated interrupt system is required for process con¬ 
trol applications. An intenupt system is a computer control feature that permits the exe¬ 
cution of the current program to be suspended fo execute another program or subroutine 
in response to an incoming signal indicating a higher priority event. Upon rcceipt of an in¬ 
terrupt signal, the computer system transfers to a predetermined subroutine designed to 
deal with the specific interrupt. The status of the current program is remembered so that 
its execution can be resumed when servicingof the interrupt has been completed. 

Interrupt conditions can be dassified as internal or external. Internal interrupts are 
generateri hv the computer system itself.These include timer-initiated events, such as polling 
of data from sensors connected to the process, or sending commands to the process at spe¬ 
cific points in clock time. System- and program-initialed interrupts are also classified as 



Sec. 4.3 


Computer Process Control 


TABLE 4.4 Possible Priority Levels in an Interrupt System 


Prionty Level 

Computer Funetion 

1 (lowest priority) 

Most operator inputs 

2 

System and program interrupts 


Tmer nterrupts 

4 

Commands to process 

5 

Process interrupts 

6 (highest priority) 

Emergency stop (operator input) 


inlcrnal because they are gcnerated within ihc system. Exiernal interrupts are external to 
the computer system: they include process-initiated interrupts and operator inputs. 

An interrupt system is required in process control because it is essemial that morc- 
important programs (ones with higher priority) be executed before less-important pro¬ 
grams (ones with lower priorities). The system designer must decidc what level of priority 
should be aitachcd to cach Control funetion. A higher priority funetion can interrupt a 
lower priority funetion. A funetion at a given priorily level cannot interrupt a funetion at 
the same priorily level. The number of priority levels and the relative importance of the 
funetions depend on tlie icquircmcnts of the individual process Control situation. For ex- 
ample, emergency shutdown of a process because of safety hazards would occupy a very 
high priority level, even though il mav bc an operator initiatcd interrupt. Most operator in¬ 
puts would have low priorities. 

One possible organization of priority rankings for process control funetions is shown 
m Thblc 4.4. Of course. the priority system may have more or less than the number of lev- 
els shown hers. depending on the control situation. For example, some process interrupts 
may bc more important than others. and some system interrupts may take precedence over 
certain process interrupts, thus requiring more than the six levels indicated in our table. 

To respond to the various levels of priority defined for a given control application. 
an interrupt system can have one or more interrupt levels. A single-level interrupt syslem 
has only two modes of operation: normal mode and interrupt mode. The normal mode can 
be interrupted. bul the interrupt mode cannot This means that overlapping interrupts are 
serviced on a first-come. first-served basis, which conld have poteniially hazardous conse- 
quenecs if an important process interrupt was forced to wait its tum while a series of less- 
important operator and system interrupts were serviced. A multilevel interrupt system has 
a normal operating mode plus more than onc interrupt level. The normal mode can be in- 
ternipted by any interrupt level, but the interrupt levels have relative priorities that dc- 
termine which funetions can interrupt others. Example 4.1 illustrates the difference between 
the single-level and multilevel interrupt systems. 

EXAMPLE 4.1 Single-Level Versus Multilevel Interrupt Systems 

Three interrupts representing tasks of three different priority le vels atrive for ser¬ 
vice in Ihc reverse order of their respective priorities.Task 1 with the lowest pri¬ 
ority, arrives first. Shortly later. higher priority Task 2 arrives. And shortly later, 
highest priority Task 3 arrives. How would the computer control system respond 
under (a) a single-level interrupt system and (b) a multilevel interrupt system? 
Solution: T he response of the system for the two interrupt systems is show« in Figure 4.6. 
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Task 1 Task 2 Task 3 



Task I lask2 Task 3 Time 

arrives arrives arrives 


(b) 

Figure 4.6 Response of the computer control system in Example 
4.1 to three different priority interrupts for (a) a single-level inter- 
rupt system and (b) a multilevel interrupt system. Task 3 has the 
highest level priority. Task 1 has the lowest level. Tasks arrive for 
servicing in the order 1. then 2, then 3. In (a),Task 3 must wait until 
Tasks 1 and 2 have been completed. In (b),Task 3 interrupts execu- 
tion of Task 2. whose priority level allowed it lo interrupt Task I. 

Exception Handling. In process control, an exception is an event that is outside 
the normal or desircd operation of the process or control system. Dealing with the excep¬ 
tion is an essential function in industrial process control and generally occupies a major por¬ 
tion of the control algorithm.The need for exception handling may be indicated through 
the normal polling procedure or by the interrupt system. Examples of events that may in- 
voke exception handling routines include: 

• product quality problem 

■ process variables operating outside their normal ranges 

■ shortage of raw materials or supplies necessary to sustain the process 

• hazardous conditions such as a fire 

• controller malfunction 

In effect, exception handling is a form of error detection and recovery, discussed in the 
context of advanced automation capabilities (Section 3.2.3). 

4.3.3 Levels of Industrial Process Control 

ln general, industrial control systems possess a hierarchical structure consisling of multi¬ 
ple levels of functions, similar to our levels of automation described in the previous chap- 
ter (Table 4.2). A NSI/ISA - S8H.01-1995' {!] divides process control functions into three 

’'lhis standard [1] was prepared for haich process control but most of tbe concepts and terminolog) arc 
applicable to discrete parts manufacturing and continuous process control. 
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Automation level Control level 



Figure 4.7 Mapping of ANSI/ISA SM.0I-I99S [1] conlrol levels into 
the levels of automation in a factor)'. 

levels: (1) basic control, (2) procedural control, and (3) coordinalion controI.These contro) 
levels map into our automation Kierarchy as shown in Figure 4.7. We now describe the 
three control levels, perhaps adapting the standard to tit our own models of continuous 
and discrete control (the reader is referred to the original standard [1], avatlable from the 
Instrument Society of America). 

Basic Control. This is the lowest level of control defined in the standard, corre- 
sponding to the device level in our automation hierarchy. In the process industries, this 
level is concemcd with feedback control in the basic control loops. In the discrete manu¬ 
facturing Industries, basic control is concerned with directing the servomotors and other ac- 
tuators of the production machines. Basic control includes funetions such as feedback 
control. polling, interlocking. interrupts. and certain exception handling actions. Basic con¬ 
trol funetions may be activated.deactivated, or modified by either of the higher control lev¬ 
els (procedural or coordination control) or by operator commands. 

Procedural Control. This intermediate level of control maps into regulatory con¬ 
trol of unit operations in the process Industries and into the maebine level in discrete man¬ 
ufacturing automation (Ta bl c 4.2). In continuous control, procedural control funetions 
include using data coliected during polling to compute some process parameter value, 
changing setpoints and other process parameters in basic control, and changing controller 
gain constants. In discrete control, the funetions are concemed with executing the work 
cycle program, that is.directing the machine to perform actions in an ordered sequcnce to 
accomplish some productivc task. Pi m. ed ura I control may also involve executing error de- 
tection and recovcry procedures and making decisions regarding safety hazards that occur 
during the process. 
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Coordination Control. This is thc highest level in the control hierarchy in the 
ANST/ISA standard. It corresponds to the supervisor, level in the process Industries and 
the cell or system level in discrcte manufacturing. Tt is also likely to involve the plant and 
possibly the enterprise levels of automation. Coordination control initiales, directs, or al¬ 
ters the exccution of programs at thc procedural control level. Its actions and outcomes 
change over lime, as in procedural control. but its control al gorit hins are not stnictured 
for a spccific process-orientcd task. It is more reactive and adaptive- Functions of coordi¬ 
nation control at the cell level indude: coordinating the actions of groups of equipment or 
machincs. coordinating matenal handling activitics between maehines in a cel) or system, 
allocating production orders to machines in the cell, and selecting among alternative work 
cycle programs. 

At thc plant and enterprise levels. coordination control is concerned with manufac¬ 
turing support functions, including production planning and scheduling; coordinating com- 
mon resourccs. such as equipment used in more than one production cell;and supervising 
availability, utilization. and capacity of equipment. These control functions are accom- 
plished through the company's integrated computer and information system. 


4.4 FORMS OF COMPUTER PROCESS CONTROL 

Therc are various ways in which computers can be used to control a process. First, we can 
distinguish between process monitoring and process control as illustrated in Figure4.8. In 
process monitoring. the computer is used to simply collect data from the process, while in 
process control. the computer regulates the process. In some process control implemeota- 
tions, certain actions are implemented by the control computer that require no feedback 
data to be collected from the process. This is open-loop control However, in most cases, 
some form of feedback or interlocking is required to ensure that the control inslructions 
have been properly carried out. This more common situation is closed-loop control. 



Data cotlection 


(c) 

Figure 4.8 (a) Process monitoring, (b) open-loop process control, 
and (c) closed-loop process control. 
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In this section, we survev the various forms of computer process moniloring and Con¬ 
trol, all but one of which are eommonly used in industry today. The survev covers tbe fol- 
lowing categories. (1) computer process moniloring (2) diiect digital control, (3) numerical 
control and robotics. (4) programmable logiccontrollers.(5) supervisory control, and (6) dis- 
tributed control systems and personal computers.The second category, direct digital con¬ 
trol, represents a rransitory phase in the evolution of computer control tcchnology. In its 
pure fomt.il is no longer used today. However. we briefly describe DDC to expose the op- 
portunities it contributed. The sixth category. distributed control systems and personal 
computers, represents the most recent means of implementing computer process control. 

4.4.1 Computer Process Monftoring 

Computer process moniloring is one of the ways in which the computer can be interfaced 
with a process. Computer process moniloring involves the use of ihe computer to observe 
the process and associated equipment and lo collcct and record data from ihe operation. 
The computer is not used to direetly control the process. Control reniains in the hånds of 
humans who use the data to guide ihcm in managing and operating the process. 

The data collcctcd by the computer in computer process monitoring can generally be 
classificd into three categories: 

1. Process data .Thesc are measured values of input parameters and output variables that 
indicate process performance. When Ihe values are found to indicale a problem, the 
human operator takes corrcctive action. 

2. Equipment data. These data indicate the status ot the equipment in the work cell. 
Functions served by the data include monitoring machine utilization, scheduling tool 
changes, avoiding machine breakdowns, diagnosing equipment malfunctions. and 
planning preventivc maintenance 

3- Product data. Government regulations requiie certain manufacturing Industries to 
collect and preserve production dala on their products.The pharmaceutical and med- 
ical supply industries are prime examples. Computer monitoring is the most conve- 
ment means of satisfying these regulations. A firm may also want to collect product 
data for its own use. 

Collecting data from factory operations can be accomplished by any of several means. 
Shop data can be entered by workers through manual terminals located throughout the 
plant or can be collected automatically by means of limit switches, sensor systems, bar code 
readers, or other devices. Sensors are dcscribed in Chapter 5 (Section 5.1). Bar codes and 
similar uutomatic Identification technologies are discussed in Chapter 12. The collection 
and use of production data in factory operations for scheduling and tracking purposes is 
called shop floor control, explained in Chapter 26. 

4.4.2 Direct Digital Control 

Direct digital control was ccrtainly one of the important steps tn the development of com¬ 
puter process control. Let us briefly examine this computer control mode and its limitations, 
which motivated improvements leading to modern computer control technology. Direct 
digital control (DDC) is a computer process control system in which certain components 
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in a conventional analog control system are replaced by the digital computer. The regula- 
tion of the process is accomplished by the digital computer on a time-shared, sampled-data 
basis rather than by the many individual analog components working in a dedicated con- 
tinuous manner. With DDC, the computer calculates the desired values of the input para¬ 
meters and set points, and these values are applied through a direct link to the process; 
hence the Dame “direct digital’' control. 

The difference between direct digital control and analog control can be seen by com- 
paring Figures 4.9 and 4.10.The first figure shows the instrumentation for a typical analog 
control loop. The enlire process would have many individual control loops, but only one is 
shown here.Typical hardware components of the analog control loop include the sensor and 
transducer, an instrument for displaying the output variable (such an instrument is not al- 
ways included in the loop), some means for establishing the set point of the loop (shown 
as a dial in the figure, suggesting that the se tting is determined by a human operator), a com- 
parator (tocompare set point with measured output variable), the analog controller, am- 
plifier.and actuator that determincs the input parameter to the process. 

In the DDC system (Figure 4.10), some of the control loop components remain un- 
changed, including (probably) the sensor and transducer as well as the amplifier and ac¬ 
tuator. Components likely to be replaced in DDC include the analog controller, recording 



Figure 4.9 A typical analog control loop. 



Figure 4.10 Components of a DDC system. 
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and display instruments, set point dials, and comparator. New components in the loop in- 
clude the digital computer, analog-io-digilal and digital-to-analog converters (ADCs and 
DACs).and multiplexers to share data from different Control loops with the same computer. 

DDC was originally conceived as a more-efficient means of performing the same 
kinds of comrol actions as the analog components it replaced. However, the practice of 
siniply usingthe digital computer to iniitatc the operation of analog controllers seems to 
have been a transitional phase in computer process Control. Additional opportunities for 
the Control computer were soon recogni/ed, including: 

• More control optionx thini traditional analog. With digital computer control, it is pos- 
sible to perform morc-complex control algorilhms than with the conventional 
proportional-integral-derivative control modes used by analog controllers; for ex- 
ample.on/off control or nonlinearities in the control funetions can be implemented. 

• Integration and optimization of multiple loops. This is the ability to integrate feedback 
measurements from multiple loops and to implement optimizing strategies to im- 
prove overall process performance. 

• Editing the control programs. Using a digital computer makes it relatively easy to 
change the control algorithm if that becomes necessary by simply reprogramming 
the computer. Reprogramming the analog control loop is likely to require hardware 
changcs that are more costly and less convenient. 

These enhanccments have rendered the original concept of direct digital control more or 
less obsolete. In addition, computer tcchnology itself has progressed dramatically so that 
mueh smaller and less-expensive yet niore-puwerful computers are available for process 
control than the large mainframes available in theearly 1960s.This has allowed computer 
process control to be economically justified for mueh smaller scalc processes and equip- 
ment. It has also motivated the use of distributed control systems, in which a network of mi¬ 
crocomputer* is utilized to control a complex process consisting of multiple unit operations 
and/or machincs. 

4.4.3 Numerical Control and Robotics 

Numerical comrol (NC) is another form of industrial computer control. It involves the use 
of the computer (again, a microcomputer) to direct a machine tool through a sequence of 
processing steps defined by a program of instructions that specifies the details of each step 
and thelr sequence. The distinetive feature of NC is control of the relative position of a 
tool with respect to the object (workpart) being processed. Computations must be made 
to determine the trajectory that must be followed by the cutting tool to shape the part 
geometry. Hencc. NC requires the controller to execute not only sequence control but geo- 
metric calculations as well.Because of its importance in manufacturing automation and in¬ 
dustrial control, we devote Chapter 6 to the topic of NC. 

Closely related to NC is industrial robotics, in which the joints of the manipulator 
(robot arm) are controlled lo move the end-of-arm through a sequence of positions dur¬ 
ing the work cycle. As in NC, the controller must perform calculations during the work 
cycle to implement motion interpolation.feedback control,and other funetions In addition, 
a robotic wotk cell usually indodes other equipmenl besides the robot, and the activities 
of the other equipment in the work cell must be coordinated with those of the robol.This 
eoordination is aehieved using interlocks. We discuss industrial robotics in Chapter 7. 
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4.4.4 Programmable Logic Controllers 

Programmable logic controllers (PLCs) were introduced around 1970 as an improvement 
on the electromechanical relay controllers used at the time to implement discrete control 
in the discrete manufacturing Industries. The evolution of PLCs has been facilitated by atl- 
vances in computer technology. and present-day PLCs are capable of mueh more than the 
1970s-era controllers. We can define a modern programmable logic controller as a micro- 
processor-based controller that uses stored instructions in programmable memory to im¬ 
plement logic, sequencing, timing, couming, and arithme tic control funetions for controllir.g 
machincs and processes. Today’s PLCs are used for both continuous control and discrete 
control applications in both the process industries and discrete manufacturing. We cover 
PLCs and the kinds of control they are used to implement in Chapter 8. 

4.4.5 Supervisory Control 

The term supervisory control is usually associated with the process industries. but the con- 
cept applies equally well to discrete manufacturing automation, where it corresponds to the 
cell or system level.Thus, supervisory control coincides closely with coordination control 
in the ANS1/1SA-S88 Standard (Section 4.3.3). Supervisory control represents a higher 
level of control than Ihe preccding forms of process control thal wc have survcycd in this 
section (i.e., DDC, NC, and PLCs). In general, these other types of control systems are in- 
terfaced dircctly to the process. By contrast. supervisory control is often superimposed on 
these process-level control systems and direcls their operations. The relationship between 
supervisory control and the process-level control techniques is illustrated in Figure 4.11. 

In the context of the process industries.supervisory control denotes a control system 
that manages the activities of a number of integrated unit operations to achieve certain 
economic objectives for the process. In some applications, supervisory control is not mueh 
more than regulatory control or feedforward control. In other applications, ihe superviso¬ 
ry control system is designed to implement optimal or adaptive control. It seeks to oplimize 
some well-defined objectivc funetion. which is usually based on economic criteria such as 
yield. production rate, cost, quality, or other objectives that pertain to process performance. 



Figure 4.11 Supervisory control superimposed on other process- 
level control systems. 
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In the context of discrete manufacturing, supervisory control can bc defined as the 
Control system that direcLs and coordinates the activities of several interacting pieces of 
equipment in a manufacturing celi or system, such as a group of machincs interconncCted 
by a material handling system. Again. the objectives of supervisory control are motivated 
by economic consideralions. The control objectives might include: to minimize part or 
produnt eosts by determinina optimum operating condition«. lo maximizo mach in e uti- 
lization through efficient schcduling.to minimize tooling costs by tracking tool lives and 
scheduling tool changes. and simiiar supervisory goals. In NC, supervisory control lakes 
the form of threct nwnerical control (Seclion 6_3). now more commonly referred to as clis- 
tnhuted numerical control. 

It is tentpting to conceptualizc a supervisory control system as treing compleiely au¬ 
tomated. that is. implemented so that the system operaies with no human interfcrence or 
assistance. But in virlually all cases, supervisory control systems are designed to allow for 
interaction with human operators, and the responsibility for control is shared between the 
controller and the human.The relative pro|X) riions of responsibility differ. dopen ding on 
the applicaiion. 

4.4.6 Distributed Control Systems 
and Personal Computers 

Devclopment of the microprocessor has had a significant impact on the design of control 
systems. In this section. we consider (wo related aspects of this impact: (1) distributed con¬ 
trol systems and (2) the use of personal computers in control systems. Before discussing 
these topiesjet usprovide a brief buekground of the microprocessor and its uses. 

Microprocessors. A microprocessor is an integrated Circuit chip containing the 
digital logic elements needed to perform arithmctic calculations,execute instructions stored 
in memory, and carry out other data processing tasks. The digital logic elements and their 
interconnections in the Circuit form a built-in set of instructions that determines the func- 
tion of the microprocessor. A very eomnion funetion is to serve as the central processing 
unit (CPU) of a microcomputer. By definition, a microcomputer is simply a small digital 
computer whose CPU is a microprocessor and which performs the hnsic funetions of a 
computer. These basic funetions consist of data manipulation and computation. carried 
om according to software stored in memory to accomplish user applications.Thc most fa- 
miliar and widely used examplc ofa microcomputer is tho persona! computer (PC), usual- 
ly programmed with software for business and personal applications. 

Microprocessors are also widely used as controllers in industrial control systems. An 
important distinetion between a PC and a controller is that the conlroller must be capable 
of interacting with the process being control led. as discussed in Seetion 4.3.1. Il must be able 
to accept data from sensors connected to the process, and it musi bc able to send com- 
mand signals to actuators attached to the process. These transactions are made possible by 
providing the controller with an extensive input/output (I/O) capability and by designing 
its microprocessor so that it can make use of this I/O capability. The number and type of 
I/O ports are important specifications of a microprocessor-based controller. By type of I/O 
ports, we are referring to whether the type of data and signals communicated between the 
controller and the process are conlinuous or discrete. We discuss I/O techniques in Chap- 
ter 5. In contrast. PCs are usually specificd on the basis of memory size and execution 
speed, and the microprocessors used in them are designed with this in mind. 
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Distributed Control Systems. With ’he development of the microprocessor, it be- 
camc feasible to connect multiple microcomputer* together lo share aild distributc the 
process control workload. The term distributed control system (DCS) is used to describe 
such a configuration. which consists of the foliowing components and features [13]: 

• Multiple process control stations loeated throughout the plant to control the individ- 
ual loops and devices of the process. 

• A central control room equipped with operator stations, where supervisory control of 
the plant is accomplished. 

• Local operator stations distributed throughout the plant. This provides the DCS with 
redunaancy. If a control failure occurs in the central control room. the local opera¬ 
tor stations take over the central control funetions. If a local operator station fails, the 
other local operator stations assume the funelions of the failed station. 

• All process and operator stations interact with each other by means of a Communi¬ 
cations network, or data highwav. as it is often called. 

Thcsc components arc illustraled in a typical configuration of a distributed process con¬ 
trol system presented in Ftgure 4.12.There are a number of benefits and ad vantages of the 
DCS- (1) A DCS can be installed for a given application in a very basic configuration,then 
enhanced and expanded as needed in the future; (2) since the system consists of multiple 
computers, this facilitates parallel multitasking; (3) because of its multiple computers, a 
DCS has built-in redundancy; (4) control cabling is reduced compared with a central com¬ 
puter control configuration; and (51 networking provides process information throughout 
the enterprise for more-efficient plant and process management. 

Development of DCSs started around i 970. One of the first commercial systems was 
HoneywelFs TDC 2000, introduced in 1975 [2]. The first DCS applications were in the 
process industries. In the discrete manufacturing Industries, programmable logic controllers 
were introduced about the same time.The eoncept of distributed control applies equally 
well to PLCs; that is, multiple PLCs locatcd throughout a factory to control individual 




Figure 4.12 Distributed control system. 
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pjeces of equipment but integrated by means of a common Communications network. In- 
t rod action of the PC shortly after the DC?S and PLC, and its subsequent increase in eom- 
puting power and rcduction in cost over the years. have stimulated a significant growth in 
the adoption of PC-based DCSs for process control applications. 


PCs in Process Control. Today,PCs doiniiiaie the computer wuild.They have be- 
come the standard tool by which business is conducted. whether in manufacturing or in 
the service sector. Thus, it is no surprise that PCs are being used in growing numbers in 
process control applications.Two basic categories of PC applications in process control can 
be distinguished: (1) operator interface and (2) direct control. Whether used as the oper¬ 
ator interface or for direct control, PCs are likely to be networked with other computers 
to creatc DCSs. 

When used as the operator interface, the PC is interfaced to one or more PLCs or 
other dcviccs (possibly other microcomputere) that directly control the process. Personal 
computers have been used to perform the operator interface function since the early 1980s. 
In this function, the computer performs certain monitoring and supervisory control func- 
tions, but it does not directly control the process. Advantages of using a PC as only the op¬ 
erator interface include: (1) The PC provides a user-friendly interface for the operator; 
(2) the PC can be used for all of the conventional computing and data processing func- 
tions that PCs traditionally perform; (3) the PLC or other device that is directly control- 
ling the process is isolated from the PC. so a PC failure will not disrupt control of the 
process; and (4) the computer can be easily upgraded as PC technology advances and ca- 
pabilities improve. while the PLC control software and connections with the process can 
remain in place. 

Direct control means that the PC is interfaced directly to the process and Controls its 
operations in real time. The traditional thinking has been that it is too risky to permit the 
PC to directly control the production operation. If the computer were to fail, the uncon- 
trolled operation might stop w'orking.produce a defeetive product, or become unsafe. An- 
other factor is that conventional PCs, equipped with the usual business-oriented operating 
system and applications software, are designed for computing and data processing funetions, 
nol for process control. They are not intended to be interfaced with an external process in 
the manner necessary for real-time process control Finally, most PCs are designed to be 
used in an Office environment, not in the harsh factory atmosphere. 

Recent advances in both PC technology and available software have challenged this 
traditional thinking. Starting in the early 1990s, PCs have been installed at an accelerating 
pace for direct control of industrial processes. Several factors can be identified that have 
enabled this trend: 

• widespread famtliarity with PCs 

• availability of high-performance PCs 

• trend toward open architecture philosophy in control systems design 

• Microsoft’s Windows OT™ (the latest version is Windows 2000™) as the operating 

system of choice. 

The PC is widely known to the general population in the United States and other in- 
dustrialized nations. A large and growing number of individuals own them. Many others who 
do not personally own them use them at work User-friendly software for the home and 
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business has certainly contributed to the popularity of PCs. There is a growing expectation 
by workers that they be providcd with a computer in their workplace, even if that work- 
place is in the factory. 

High-performance CPUs are available in the lalest PCs, and the next generation of 
PCs will be even more powerful. For the last 20 years, it has been observed that processor 
speed doubles every 12 18 months-This trend, cailcd Moore’s l-tiw. is cxpccted to contin- 
ue for at least another 15 years. At the same time. processor costs have dccrcased by sev- 
eral orders of magnitude, and this trend is expected to continuc as well. The projected 
results are seen in Table 4.5, in whieh pcrformance is measured in millions of instruclions 
per second (mips), and cost is measured in dollars per mips. In the carly-to-mid 1990s. PC 
performance surpassed that of most digital signal processors and olher componenis used 
in proprietarv controllers [16]. New generations of PCs are currently being introduced more 
rapidly than PLCs are, allowing eyele speeds of PCs to exceed thosc of the latest Pl.Cs. 

Another iniportant factor in the use of PCs for oontrol applications is the availabil- 
ity of control products designed with an open architecture philosophy. in which vendors of 
control hardware and software agree to comply with published standards that allow their 
products tobé interoperable. This means that components from different vendors can be 
interconnectcd in the same control system. The traditional philosophy had been for each 
vendor to design proprietary systems, requiring the user to purchase the complete hard¬ 
ware and software package from one supplier. Open architecture allows lhe user a wider 
choice of products in the design of a given process control system, including the PCs used 
in the system. 

For process control applications. the PC's operating system must facilitate real-time 
control and networking. At tinte of writing, Microsofl's Windows NT™ (now Windows 
2000™) is being adopted inereasingly as the operating system of choice for control and 
networking applications. Windows NT provides a multitasking environment with sufficient 
security, reliability. and fault tolerance for many if not most process control applications. 
At the same time, it provides the user friendliness of the desktop PC and most of the power 
of an engineering workstation. Installed in the factory, a PC equipped with Windows NT 
can perform multiple funetions simultaneously, such as data logging. trend analysis, tool 
life monitoring, and displaying an animated view of the process as it proceeds, all while re- 
serving a portion of its CPU capacity for direct control of the process. 

Not all control engineers agiee thai Windows NT can be used for critical process con¬ 
trol tasks. For applications requiring microsecond response times, such as real-time mo¬ 
tion control for machine tools, many control engineers are reluctant to rely on Windows NT. 
A common solution to this dilemma is lo install a dedicated coprocessor in the PC The mo¬ 
tion servo loops are controlled in real time using the coprocessor motion control card.bul 
the overall operating system is Windows NT. 


TABLE 4.5 Trends in Processor Performance and Cost: Moore's Law 


Year 

Mips * 

Cost per Mips ($) 

1978 

125 

9,600.00 

1998 

333 

8.00 

2011 

100,000 

.02 


Souree; Studebsker [181 
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Regarding (he factory environrocnt issuc, this can be addresscd by using induslrial- 
gradc PC\ which are equipped with enclosures designed for the rugged plant environment. 
Compared wilh the prcviousb discusscd PC/PLC configuration,in which the PC is usedonly 
as the operator interface, there is a cost savings from installing onc PC for direct control 
rather Ihan a PC plus a PLC. A related issue is data integration: Setting up a data link bc- 
tween a PC and a PLC is more complex than when the data are all in one PC. 

Enterprise-Wide Integration of Factory Data. The most recent progression in 
PC-based distributed control is enterprise-wide integration of factory operations data, as 
dcpicted in Figurc 4.13. This is a trend that is consistent with modem information man¬ 
agement and worker empowerment philosophics.These philosophies assume fewer Icvels 
of company management and greater responsibilities for front-line workers in sales, order 
schcduling. and production. The netwurking technologies that allow such integration are 
availablc. Windows 2000 IM provides a number of built-in and optional features for con- 
necting the industrial control system in Ihc factory to enterprise-wide business systems and 
supporting data exchange between various applications (e.g.. allowing data collected in the 
plant to be used in analysis packages.such as Excel spreadsheets) Followingare some of 
the capabililies thnt are enabled by making process data available throughout ihe enlerprise: 

1. Managers can have more direct access to factory floor operations. 

2. Production planners can use the most current data on times and production rates in 
schcduling future orders. 


Business and engineering systems 



Figure 4.13 Enterprise-wide PC-based DCS. 
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3. Sales personnet can providc realistic eslimates on delivery dates to customers, based 
on current shop loading. 

4. Order trackers are able to provide inquiring customers with current status informa¬ 
tion on their orders. 

5. Quality control personnel arc made aware of real or potential quality problems on 
current orders, based on access to quality performance histories from previous orders. 

6. Cost accounting has access to the most recent production cost data. 

7. Production personnel can access part and prøduct design details to clarify ambigui- 
ties and do their job more effeeti vely. 
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Sensors, Actuators, 
and Other Control System 
Components 

CHAPTER CONTENTS 

5.1 Sensors 

5.2 Actuators 

5.3 Ana,og-to-Digital Conversion 

5.4 Digital-to-Analog Conversion 

5.5 Input/Output Devices for Discrete Data 

5.5.1 Contact Input/Output Interfaces 

5.5.2 Pulse Counters and Generators 

To implement process Control, the computer must coilect data from and transmit signals to 
the production process. In Section 4.1.2, process variables and parameters were classified 
as either continuous or discrete. wjth several subcategories existing in the discrete class.The 
digital computer operates on digital (binary) data, whereas at least some of the data from 
the process are continuous (analog). Accommodations for this difference must be made in 
the computer-process interface. In this chapter, we examine the components required to im- 
plemenl tbis interface. The components are: 


1. sensors for measuring continuous and discrete process variables 

2. actuators that drive continuous and discrete process parameters 

3. devices thai convert continuous analog signals to digital data 

4. devices thal convert digital data into analog signals 

5. input/output devices for discrete data. 
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TABLE 5.1 Categories of Computer Input/Output Interface for the Different Types 
of Process Parameters and Variables 


Type of Data from/to Process 

Input Interface to Computer 

Output Interface from Computer 

Continuous analog signal 

Analog-to-digital converter 

Digital-to-analog converter 

Discrete data—binary (oi/off) 

Contact input 

Contact output 

Discrete data other than binary 

Contact input array 

Contact output array 

Discrete pulse rlata 

Pulse counters 

Pulse generators 


The types of computer input/output interface for the different categories of process vari 
ables and parameters are summarized in Table 5.1. 


5.1 SENSORS 


A wide variety of measuring devices is available for collecting data from the manufactur¬ 
ing proces* for usc in feedback control. In general, a measuring device is composed of twe* 
components: a sensor and a transducer. The sensor detects the physical variable of inter- 
est (such as temperature.force.or pressurc).The transducer converts the physical variable 
into an alternative form (commonly electrical voltage), quantifying the variable in the con- 
version.The quantified signal ean bc interpreted as the valuc of the measured variable. In 
some cases, the sensor and transducer are the same device; for example, a limit switch that 
converts the mechanical movement of a lever to close an electrical contact. 

To use any measuring device, a calibration procedure is required to establish the re- 
lationship between the physical variable to be measured and the converted output signal 
(such as voltage).The ease with which the calibration procedure can be accomplished is one 
criterion by which a measuring device can bc evaluated. A list of dcsirable features of mea¬ 
suring deviccs for process control is presented in Table 5.2. Few measuring devices achieve 
perfeet scores in all of these criteriu. and the control system engineer must decide which 
features are the most important in selecting among the variety of available sensors and 
transducers for a given application. 

Consistenl with our classification of process variables, measuring devices can be clas- 
sifted into two basic categories: (1) analog and (2) discrete. An analog measuring device pro- 
duces a continuous analog signal such as electricai voltage. Examples are Ihermocouples, 
strain gages, and potentiometers. The output signal from an analog measuring device must 
be converted lo digital data by an analog-to-digital converter (Section 5.3). A discrete mea¬ 
suring device produces an output that can have only certain values. Discrete sensor de¬ 
vices are often divided into two categories: binary and digital. A binary measuring device 
produces an on/off signal.The most common devices operate by closing an electrical con¬ 
tact from a normally open position. Limit switchcs operate in this manner. Olher binary sen¬ 
sors includc photoeleclric sensors and proximity switches. A digital measuring device 
produces a digital output signal, either in the form of a set of parallel status bits (e.g., a 
photoelectric sensor array) or a series of pulses that can be counled (e.g., an Optical en- 
coder). In eilher case, the digital signal represents the quantity to be measured. Digital 
transducers are finding inereased usc- because af the ease with which they can be read when 
used as stand-alor.c measuring instruments and because of their compatibility with digital 
computer systems. Se veral of the common sensors and measuring devices used in industrial 
control systems are listed in Table 5.3. 




Sec. 5.1 / Sensors 


109 


TABLE 5.2 Desirable Features for Selectmg Measuring Devices Used in Automated Systems 
Desirable Feature Definition and Comments 


High accuracy 
High precision 
Wide operating range 

High speed of response 

Ease of calibration 
Minimum drift 

High reliabil'ty 

l.ow cost 


The Tieasurement contains small systematc errors about the true value. 

The 'andom variability or noise in the measured value is low. 

The measuring device possesses high accuracyand precision over a wide range 
of valuesof the physical variable being measured. 

The ability of the device to respond quickly to changes in the physical variable 
being measured- Ideally. the time lag would be zero. 

Calibration of the measuring device should be quick and easy. 

Drift refers to the gradual loss in accuracy over time. High drift requires frequent 
recalibrateon of the measuring device. 

The device should not be subject to frequent malfunctions or failures during 
service. It must be capable of operating in the potentially harsh environmem of 
the manufacturing process where it will be applied- 

The cost to purchase (or fabricate) and instail the measuring device should be 
iow relative to the value of the data provided by the sensor. 


TABLE 5.3 Common Measuring Devices Used in Automation 


Measuring Device 

Description 

Accelerometer 

Analog device used to measure vibration and shock. Can be based on various 
physical phenomena. 

Am meter 

Analog device that measures the strength of an electrical current. 

Bimetallic switch 

Binary switch that uses bimetallic coil to open and close electrical contact as a 
result of temperature change. Bimetallic coil c onsists of two metal strips of 
differentthermal expansion coefficients bonded together. 

Bimetallic thermometer 

Analog temperature measuring device consisting of bimetallic coil Isee 
definition above) that changes shape in response to temperature change. 

Shape change of coil can becalibroted to indicate temperature. 

DC tachometer 

Analog device consisting of dc generator that produces electrical voltage 
proportionel to rotational speed. 

Dynamometer 

Analog device used to measure force, power, or torque. Can be based on 
various physical phenomena le.g., strain gage, piezoelectric effeet). 

Float transducer 

Float attached to lever arm. Pivoting movement of lever arm can ba usød to 
measure liquid level in vessel (analog device) or to activate contact switch 
(binary device). 

Fluid flow sensor 

Analog measurement of liquid flow, usually based on pressure difference 
between flow in two pipes of different diameter. 

Fluid flow switch 

Binary switch similarto limit switch butactivated by inerease in fluid pressure 
rather than by contacting object. 

Linear variable 
differential transformer 

Analog position sensor consisting of primary coil opposite two secondary ccils 
separated by a magnetic core. When primary coil is energized, induced voltage 
in secondary coil is funetion of core position. Can also be adapted lo measure 
force or pressure. 


(continued) 
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TABLE 5.3 (continued) 

Measunng Device Description 

Limit switch (mechanical) Binary contact sensor in which lever arm or pushbutton closes (or opens) an 
electrical contact. 

Manometer Analog device iised to measure pressure of gas or liquid. Based on comparison 

of known and unknown pressure forces. A barometer is a specific type of 
manometer used to measure atmospheric pressure. 

Ohmmeter Analog device that measures electrical resistance. 

Optical encoder Digital device used to measure position and/or speed, consisting of a slotted 

disk separating a light source from a photocell. As disk rotates, photocell 
senses light through slots as a series of pulses. Number and frequency of 
pulses are proportional (respectively) to position and speed of shaft connected 
to disk. Can be adapted for linear as well as rotational measurements. 

Photoelectric sensor Binary noncontact sensor Iswitch) consisting of emitter (light source) and 

receiver (photocell) triggered by interruption of light beam. Two common 
types: (1) transmitted type, in which object blocks light beam between emitter 
and receiver; and (2) retroreflective type, in which emitter and receiver ara 
located in one device and beam is reflected off remote reflector except when 
object breaks the reflected light beam. 

Photoelectric sensor array Digital sensor consisting of linear series of photoelectric sensors. Array is 

designed to indicate height or size of object interrupting some but not all of the 
light beams. 

Photometer Analog sensor that measures illumination and light intensity. 

Piezoelectric transducer Analog device based on piezoelectric effect of certain materials (e.g., quartz) in 
which an electrical charge is produced when the material is deformed. Charge 
can be measured and is proportional to deformation. Can be used to measure 
force, pressure, and acceleration. 

Analog position sensor consisting of resistor and contact slider, Position of 
slider on resistor determines measured resistance. Available for both linear 
and rotationai (angular) measurements. 

Binary noncontact sensor is triggered when nearby object induces changes in 
electromagneticfield. Two types: (1) inductive and (2) capacitive. 

Analog temperature-measuring device that senses electromagnetic radiation in 
the visible and infrared range of Spectrum. 

Analog temperature-measuring device based on increase in electrical 
resistance of a metallic material as temperature is increased. 

Widely used analog sensor to measure force, torque, or pressure. Based on 
change in electrical resistance resulting from strain of a conducting matefial. 
Analog temperature-measuring device based on decrease in electrical 
resistance of a semiconductor material as temperature is increased. 

Analog temperature-measuring device based on thermoelectric effect, in which 
the junction of two dissimilar metal wires emits a small voltage that is a 
furetion of the temperature of the junction. Common standard thermocouples 
include: chromel-alumel, iron-constantan, and chromel-constantan. 

Time lapse between emission and refiection (from object) of high-frequency 
snund pulses is measured. Can be used to measure distance or simply to 
indicate presence of object. 


Potentiometer 

Proximity switch 
Radiation pyrometer 

Resistance-temperature 

detector 

Strain gage 

Thermistor 

Thermocouple 

Ultrasonic range sensor 
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5.2 ACTUATORS 

In industrial control systems,an actuator is a hardware device that converts a controller com- 
mand signal inlo achange in a physical parameter. The change in the physica) parameter 
is usuaily mechanical. such as position or veiodty change. An actuator is a transducer, be- 
causc it chungos one type of physica! quantity. say electric current, into another type of 
physical quantity, say rotational speed of an electric motor. The controller command sig¬ 
nal is usuaily low level, and so an actuator may also include an amplifier to strengthen the 
signal sufficiently to drive the actuator. 

A list ofeommon actuators is presented in Table 5.4. Depending on the type of am¬ 
plifier used. most actuators can be classjfied into one of three categories: (1) electrical, 
(2) hydraulic, and (3) pneumatic. Electrical actuators are most common; they include ac 
and de motors of various kinds, stepper motors, and solenoids. Electrical actuators include 
both linear devices (output is linear displacement) and rotational devices (output is rota¬ 
tional displacement or velochy). Hydraulic uctuaiont use hydraulic fluid to amplify the con¬ 
troller command signal. The available devices provide both linear and rotational motion. 
Hydraulic actuators are often specified when large forces are required. Pneumatic actua¬ 
tors use compressed air (typically “shop air" in the factory environment) as the driving 
power. Again.both linear and rotational pneumatic actuators are available. Because of the 
relatively low air pressures involved, these actuators are usuaily iimited to relatively low 
force applications compared with hydraulic actuators. 

TABLE 5.4 Common Actuators Used in Automated Systems 


Actuator 


Description 


DC motor 

Hydraulic piston 
Induction motor (rotary) 

Linear induction motor 
Pneumatic cylinder 

Relay switch 
Solenoid 

Stepping motor 


Rotational electromagnetic motor. Input is direct current (de). Very common 
servomotor in control systems. Rotary motion can be converted to linear 
motion using rack-and-pinion or ball screw. 

Piston inside cylinder exerts force and provides linear motion in responsa to 
hydraulic pressure. High force capability. 

Rotational electromagnetic motor. Input is alternating current (ac). 
Advantages compared with dc motor: lower cost, simpler construction, and 
more-convenient power eupply. Rotary motion con be converted to linear 
motion using rack-and-pinion or ball screw. 

Straight-line motion electromagnetic motor. Input is alternating current (ac). 
Advantages: high speed, high positioning accuracy, and long stroke capacity. 
Piston inside cylinder exerts force and provides linear motion in response to 
air pressure. 

On-off switch opens or closes Circuit in response to an electromagnetic force. 
Two-position electromechanical assembly consists of core inside coil of wire. 
Core is usuaily held in one position by spring, but when coil is energized, 
core is forced to other position. Linear solenoid most common, but rotary 
solenoid available. 

Rotational electromagnetic motor. Output shaft rotates in direct proportion to 
pulses received. Advantages: high accuracy, easy implementation, 
compatible with digital signals, and can be used with open-ioop control. 
Disadvantages: Inwer torque than dc motors, Iimited speed, and risk of 
missed pulse under load. Rotary motion can be converted to linear motion 
using rack-and-pinion or ball screw. 
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5.3 ANALOG- TO-DIGITAL CONVERSION 

Continuous analog signals from the process must be converted into digital values to be 
used by the computer, and digital data generated by the computer must be converted to ana¬ 
log signals to bc uscd by analog actuators. We discuss an al og-to-di gi tal conversion in this 
scction and digital-to-analog conversion in the following scction. 

The procedure for converting an analog signal from the process into digital form typ- 
ically consists of the following steps and hardware deviccs, as illustrated in Figure 5.1: 


1. Sensor and transducer. This is the measuring device that generates the analog signal 
(Scction 5.1). 

2. Signal conditioning. The continuous analog signal from the transducer may require 
conditioning lo render it into more suitable form.Common signal conditioning steps 
include: (1) filtering to remove random noise and (2) conversion from one signal 
form to another, for cxample, converting a current into a voltage. 

3. Multiplexer. The multiplexer is a switching device connected in series with each input 
channel from the process; it is used to time-share the analog-to-digital converter 
(ADC) among the inpul channels. The alternative is to have a separate ADC for each 
input channel. which would bc costly for a large applicalion with many input chan¬ 
nels. Since the process variables need only be sampled periodically, using a multi¬ 
plexer provides a cost-effective alternative to dedicated ADCs for each channel. 

4. Amplifter. Amplifiers are used to scale the incoming signal up or down to be com- 
patible with the range of the analog-to-digital converter. 

5. Analog-to-digital converter. As its name indicatcs, the funetion of the ADC is to con- 
vert the incoming analog signal into its digital counterpart. 

Let us consider the operation of the ADC, which is the heart of the conversion process. 
Analog-to-digital conversion occurs in three phases: (1) sampling, (2) quantization, and 
(3) encoding. Sampling consists of converting the continuous signal into a series of discrete 
analog signals atperiodie intervals, as shown in Figure 5.2. In quantization, e ach discrete 
analog signal is assigned to onc of a finite number of previously defined amplitude levels. 
The amplitude Icvcls are discrete valnes of voltage ranging over the ful! scale of the ADC- 
In the encoding phase, the discrete amplitude levels obtained during quantization are con¬ 
verted into digital code, representing the amplitude level as a scqucnce of binary digits. 


(I) Sensor and 


n <2) s, 8 na| 

'- 1 conditioning 


Figure 5.1 Steps in analog-to-digital conversion of continuous ana¬ 
log signals from process. 
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Figure S.2 Analog signal convcrted into series of discrete sampled 
data by analog-to-digital converter. 


In selectingan analog-to-digital converter fora given application.the following factors 
are relevant: < 1) sampling rate. (2) conversion time. (3) resolution, and (4) conversion method. 

The sampling rate is the rate at which the continuous analog signals are sampled or 
polled. Higher sampling rates mean that the continuous waveform of the analog signal can 
be more closcly approximated. When the incoming signals are multiplexed.the maximum 
possible sampling rate for each signal is the maximum sampling rate of the ADC divided 
by the number of channels that arc processed through the multiplexer. For cxample, if the 
maximum sampling rate of the ADC is 1000 sample/sec, and there arc 10 input channels 
through the multiplexer, ihen the maximum sampling rate for each input line is 
1000/10 = 100 sample/sec. (This ignores time losses due to multiplexer switching.) 

The maximum possible sampling rate of an ADC is hmited by the ADC conversion 
time. Conversion time of an ADC is the time interval between when an incoming signal is 
applied and when the digital value is determined by the quantization and encoding phas- 
es of the conversion procedure. Conversion time depends on (1) number of bits n used to 
define the converted digital value; as n is inereased, conversion time inereases (bad news), 
but resolution of the ADC improves (good news); and (2) type of conversion procedure 
used by the ADC. 

The resolution of an ADC is the prccision with which the analog signal is evaluated. 
Since the signal is represented in binary form, precision is determined by the number of 
quantization levels. which in turn is determined by the bit capacity of the ADC and the 
computer, 1 he number of quantization levels isdefined as follows: 

/V, = 2" (5.1) 

where N q — number of quantization levels; and n = number of bits. Resolution can be 
defined in equation form as (ollows: 


Range Range 
N q - 1 " T - 1 


(5.2) 


where R ADr - resolution of the ADC. also called the quantization-level spucing, which is 
the length of each quantization level; Range = full-scale range of the ADC, usually 0-10V 
(the incoming signal must typically be amplified. either up or down, to this range); and 
N q = the number of quantization levels, defined in Eq. (5.1). 

Quantization generates an error, because the quantized digital value is likely to be dif- 
ferent from the true value of the analog signal. The maximum possible error occurs when 
the true value of the analog signal is on the borderline between two adjacent quantization 
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kvels: in this case. the error is one-half the quantization-level spacing. By this reasoning, 
the quantization error is defined: 


Quantization error = ± — Æ ADC (53) 

Various conversion methods are available by which to encode an analog signal into 
its digital equivalent. Let us discuss one of the most common tcchniques, called the successive 
approximation method. In this method, a series of known trial voltages are successively 
compared to the input signal whosc value is unknown. The number of trial voltages corre- 
sponds to the number of bits used to encode the signal.The first trial voltage is one-h alf the 
full-scale range of the ADC, and each successive trial voltage is one-half the preceding 
value. Comparing the remainder of the input voltage with each trial voltage yields a bit 
value of ‘T’if the input exceeds the trial value and “0”if the input is less than the trial volt¬ 
age. The successive bit values, multiplied by their corresponding trial voltage values, pro- 
vide the encoded value of the input signal. Let us illustrate the procedure with an example. 

EXAMPLE 5.1 Successive Approximation Method in Analog-to-Digital Conversion 

Suppose tho input signal is 6.8 V. Use the successive appioximalioii mclhod to 
encode the signal for a 6-bit register for an ADC with a full-scale range of 10 V. 
Solution: The encoding procedure for the input of 6.8 V is illustrated in Figure 5.3. In the 
first trial, 6.8 V is compared with 5.0 V. Since 6.8 > 5.0, the first bit value is 1. 
Comparing the remainder (6.8 - 5.0) = 1.8 V with the second trial voltagc of 
2.5 V yields a 0, since 1.8 < 2.5. The third trial voltage = 1.25 V. Since 
1.8 > 1.25, the third bil value is l.The rest of the 6 bits are evaluated in the fig¬ 
ure to yield an encoded value = 6.718 V. 


Input * 
vol lage 



Figure 5.3 Successive approximation method applied to Example 5.2. 
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5.4 DIGITAL-TO-ANALOG CONVERSION 

The proeess performed by s digi lal-to-analog converter (DAC) is the reverse of the ADC 
process.Thc DAC transfomis ihe digital output of the computer inio a continuous signal 
to drive an analog actuator or other analog device. Digital-to-analog conversion consists 
of two steps: (1) decoding. in which ihe digital output of the computer is converled into a 
series of analog values at discreie moments in time, and (2) data holding, in which each 
successive value is changcd into a continuous signal (usually clectrical voltage) used to 
drive the analog actuator during the sampling interval. 

Decoding is accomplished by transferring the digital value from the computer to a bi¬ 
nary register thai Controls a reference voltage source. Each successive bit in the register Con¬ 
trols onc-half the voltage of the preccding bil, so that the level of the output vollage is 
determined by the status of the bits in the register. Thus. the output voltage is given by: 

E 0 = £ re ,{0.55, + 0.255* + 0.1255, + - + (2")"'5„} (5.4) 

where E„ - output voltage of the decoding step (V); E, tl = reference voltage (V); and 
.5„ = status of successive bits in the register, 0 or 1 ;and n = the number of bits 
in the binary register. 

The ob.ective in the data holding step is to approximate the envelope formed by the 
data series, as illustraled in Figurc 5.4. Data holding devices are classified according to the 
order of the cxtrapolation calculation used to determinc the voltage output during sampling 
intervals.The most common extrapolator is a zero-order hold, in which the output voltage 
between sampling instants is a sequcnce of step signals, as in Figure 5.4(a).The vollage 
funetion during the sampling interval is constant and can be expressed very simply as: 

m = (5.5) 

where £(t) = voltage as a funetion of time t during the sampling interval (V), and 
E„ = voltage output from the decoding step, Eq. (5.4). 

The first-order data hold is less common than the ze ro ord er hold, but it usually ap- 
proximates the envelope of the sampled data values more closely. With the first-order hold, 
the voltage funetion £{t) during the sampling interval chånges with a constant slope dc- 
termined by the two preceding E„ values. Expressing this mathematicallv, we have 

£(f) = E 0 + al (5.6) 

where a = rate ofchangc of £(f), E„ = output voltage from Eq.{5.4) at the start of the 
sampling interval (V), and t = time (sec).The value of a is computed each sampling interval 
as follows: 


(5.7) 


where £„ - output voltage from Eq. (5.4) at the start of the sampling interval (V),t = time 
interval between sampling instants (sec). and £„(-r) = valne of E„frorn Eq. (5.4) from the 
preceding sampling instant (removed backward in time by r, V).The result of the first- 
order hold is illustraled in Figure 5.4(b). 
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Figure 5.4 Data holding step using (a) zero-order hold and (b) first- 
order hold. 


EXAMPLE 5.2 Zero-Order and First-Order Data Hold 
for Digital-to-Analog Converter 

A digital -to-analog converter uses a reference voltage of 100 V and has 6-bit pre- 
cision. In three successive sampling instants,0.5 sec apart, the data contained in 
the binary register are the following: 


Instant 

Binary Data 

1 

101000 

2 

101010 

3 

101101 


Determine: (a) the decoder output values for the three sampling instants and 
the voltage signals between instants 2 and 3 for (b) a zero-order hold and (c) a 
first-order hold. 

Solution: (a) The decoder output values for the three sampling instants are computed 
according to Eq. (5.4) as follows: 

Instant 1 ,£„ = 100{0.5(1) + 0.25(0) + 0.125(1) + 0.0625(0) + 0.03125(0) + 0.015625(0)} 

= 6250 V 

Instant 2, E„ - 100{0.5(1) + 0.25(0) + 0.125(1) + 0.0625(0) + 0.03125(1) + 0.015625(0)} 

= 65.63 V 

Instant 3,£„ = 100(0.5(1) + 0.25(0) + 0.125(1) + 0.0625(1) -t- 0.03125(0) + 0.015625(1)} 

= 70.31 V 

(b) The zero-order hold between sampling instants 2 and 3 yields a constant 
voltage E(t) = 65.63 V according to Eq. (5.5). 

(c) The first-order hold yields a steadilv inereasing voltage. The slope a is given 
by Eq. (5.7): 
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Figure 5.5 Solution to Example 5.2. 

65.63 - 62.5 , „ 

---6.25 

and from Eq. (5.6), the voltage function belween instants 2 and 3 is 
£(/) = 65.63 + 6.25 r 

These values and functions are plotted in Figure 5.5. Note that the first-order 
hold more accurately antidpates the value of E a at sampling instant 3 than does 
the zero-order hold. 


5.5 INPUT/OUTPUT DEVICES FOR DISCRETE DATA 

Discrete data can be processed by a digital computer without needing the kinds of con- 
version procedures required for continuous analog signals. As indicated earlier, discrete 
data divide into three categories: (a) binary data, (b) discrete data other than binary, and 
(c) pulse data. The first two categories are communicated between the process and the 
computer by mears of contact input and contact output interfaces, while pulse data are 
entered into and sent from the computer using pulse counters and pulse generators. 

5.5.1 Contact Input/Output Interfaces 

Contact interfaces are of two types, input and output. These interfaces read binary data from 
the process into the computer and send binary signals from the computer to the process, 
respectively. The terms input and output refer to the computer. 

A contact input interface is a device by which binary data are read into the comput¬ 
er from some extemal source (e.g., the process). It consists of a series of simple contacts that 
can be either closed or open (on or o ff) to indicate the status of binary devices connected 
(o the process such as limit switches (contact or no contact), valves (open or closed), or 
motor pushbuttons (on or off). The computer periodically scans the actual status of the 
contacts to update the values stored in memory. 
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The contact input interface can also be used to enter discrete data other than bina¬ 
ry. This type of data is generated by devices such as a photoelectric sensor array and can 
bie stored in a binary register consisting of multiple bits. The individual bit values (0 or 1) 
can beentered through lhe contact input interface, ineffeet,a certain number of contacts 
in the input interface are assigned to the binary register, the number of contacts being 
cqual to the number of bits in the register. The binary number can be eonverted to a con- 
vcntional base 10 number as needed in the applicalion. 

The contact output interface is the device that communicatcs on/off signals from the 
computer lo the process. The contact positions are set in cithcr of two States: ON or OFF. 
These positions are maintained until changed by the computer, perhaps in response to 
events in the process. In computer process contml Applications, hardware controlled by 
the contact output interface include alarms, indicator lights (on control panels),solenoids, 
and constant speed motors. The computer Controls the sequencc of ON/OFF activities in 
a work cycle through this contact output interface. 

The contact output interface can bc used to transmit a discrete data value other than 
binary' by assigning an array of contacts in the interface for that purpose. The 0 and 1 val¬ 
ues of the contacts in the array are evaluated as a group to determine the corresponding 
discrete number. In elTect, this procedure is the reverse of that used by the contact input 
interface for discrete data other than binary. 


5.5.2 Pulse Counters and Generators 

Discrete data can also exist in the form of a series of pulses. Such data is generated by dig¬ 
ital transducers such as optical encoders. Pulse data are also used to control certain de¬ 
vices such as stepper motors. 

A pulse counter is a device used lo con vert a series of pulses (call it a pulse train , as 
shown in Figure 4.1) into a digital value. The value is then entered into the computer 
through its .nput channel.The most common type of pulse counter is one that counts elec- 
trical pulses. It is constructed using sequential logic gates, called flip-flops, which are elec- 
tronic devices that possess memory capability and hence can be used to store the results 
of the counting procedure 

Pulse counters can be used for both counting and measuremenl applications. A lyp- 
ical counting application might be to add up the number of packages moving past a pho¬ 
toelectric sensor along a conveyor. A typical measurement application is to indicate the 
rotational speed of a shaft.Onc possiblc method to accomplish the measurement is for the 
shaft to be connected to an optical cncoder. which generates a certain number of electri- 
cal pulses for each rotation. To determine rotational speed, the pulse counter measures the 
number of pulses received during a certain time period and divides this by the time peri- 
od and by the number of pulses in each revolution of the encoder. 

A pulse generator is a device that produces a series of electrical pulses whose total 
number and frequency are specified by the control computer. The total number of pulses 
might be used to drive the axis of a positioning system. The frequency of the pulse train, 
or pulse ratc.could bc used to control the rotational speed of a stepper motor. A pulse 
generator operates by repeatedly closing and opening an electrical contact, thus produc- 
ing a scquence of discrete electrical pulses. The amplitude (voltagc level) and frequency are 
designed to be compatible with the device being controlled. 
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PROBLEMS 


5.1 A commuous voltagc signal is to be converled into its digital counterpart using an analog- 
lo-digital converter. The maximum voltage range is ±30 V. The ADC has a 12-bit capacity. 
Delermine: (a) numher nf quantization levels. (b) resolution, (c) the spacing of each quan- 
tization level, and the quantization error for this ADC 

5.2 A voltage signal with a range of 0-115 V is to be converled by means of an ADC. Determine 
the minimum nuraber of bits rcquired lo obtain a quantization error of (a) ±5 V maximum. 
(b) ±1V maximum, (c) ±0.1 V maximum. 

5-3 A digital-io-anak>g converter uses a reference voltage of 120 V dc and has eight binary-digit 
prccision. In one of the sampling instants, the data contained in the binary regis¬ 
ter - 01010101. If a zero-order hold is used to generate the output signal, determine the 
voltage level of that signal. 

5.4 A DAC uses a reference voltage of 80 V and has 6-bit precision. In four successive sampling 
periods, each 1 scc iong, the binary data contained in the output register were 100000,011111, 
011101, and 011010. Determine the equation for the voltage as a funetion of time between 
sampling instants 3 and 4 using (a) a zero-order hold and (b) a first-order hold. 

5.5 In Problem 5.4. suppose that a second-order hold were to be used to generate the output sig- 
nal.Tbe equation for the second-order hold is 

E(l) - E 0 + at + pt 2 (5.8) 

where En = starting voltage at the beginning of the time interval, (a) For the binary data 
given in Problem 5.4, determine the values of a and p that would be used in the equation for 
the time interval between sampling instants 3 and 4. (bj Compare the first-order and second- 
order holds in anticipating the voltage at sampling instant 4. 
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Numerical control (NC) is a form of programmable automation in which the mechanical 
actionsofa machine tool orother equipment are comrolled by a program containingcodcd 
alphanumeric data.The alphanumerical data represent relative positions bctwcen a work- 
Kead and a workpart as well as other instructions needed to operate the machine. The 
workhead is a cutting tool or other processing apparatus, and the workpart is the object 
being processed. Whcn the currem job is, completed. the program of instructions can bc 
changed to process a new job. 1 hc aipability to change the program makes NC suitable for 
low and medium production. It is mueh easier to write new programs than to make major 
alterations of the processing equipment. 

Numerical Control can bc applied to a wide variety of processes. The applications di¬ 
vide into two categories: (l) machine tool applications, such as drilling. milling, turning, 
and Other metal workingtand (2) nonmachinc tool applications,such as assembly.drafting, 
and inspection.The common operating feature of NC in all of these applications i.s control 
of the workhead movemenl relative to the workpart. 

The concept for NC dates from the lale l940s.The first NC machine was developed 
in 1952 (Historical Note 6.1). 


Historical Note 6.1 The first NC machines [2], [8], [16], [18] 

The development of NC ov.es mueh lo tho United States Air Force and the carly aerospace 
industry.The first development work in the area of NC is attributed tn John Pursons and his 
associa’C Frank Stuten at Parsons Corpoi ation in Traverse City. Michigan. Parsons was a con- 
tractor for the Air Force during the 1940s and had experimented with the concept of using co- 
ordinate position data contained on punched cards to de fine and machine the surface contours 
of airfoil shapes. Hc had named his syslem the Cardamatic milling machine, sincc the numer- 
ical data was stored on puneljed tank Aftcr development work by Parsons and his collcagues, 
the idea was presented to the Wnghl-Paticrson Air Force Base in 1943. The initial Air Force 
contract was awarded to Parsons in June 1949. A subeontraet was awarded by Parsons in July 
1949 to the Servomechanism l-aboratorics at the Massachusetts Instilute of Tbchnologv to: 
(1) perform a systems engineering studv on machine tool Controls and (2) devclop a prototype 
machine tool based on the Cardamatic principle. Research commenced on the basis of this 
subeontraet.which continucd until April 1951. when a contract was si gned by Mit and the Air 
Force lo complete the development work. 

Early in ihe project, il becamc clear thut the rcquircd data transfer rates bctwcen the con¬ 
troller and the machine tool could nol be achieved using punched cards, and the possibility of 
either ptinched paper tape or magnetic tapre was proposed as a more appropriate medium for 
storinglhe numencal data.These and other technical details of the control syslem for ma- 
chinc tool control had been defined by June 1950. The name numerical control was adopted 
in March 1951 based on a contest sponsored hy John Parsons among -MIT personnel work- 
ing on the project." The first NC machine was developed by retrofitting a Cincinnati Milling 
Machine Co. vertical Hydro-Tel milling machine (a 24-in x 60-in conventional tracer mili) that 
had been doiatcd by the Air Force from surplus equipment.The controller combined analog 
and digital components. conssted of 292 vaeuum tubes, and occupied a floor area greater than 
the machine tool itself.Thc prototype succcsstully prerformed simultaneous conttol ot three- 
axis motion based on coordinate-axis data on punched binary tape. This expcrimental ma- 
chinc was in operation by March 1952. 

A patent for the machine tool system was filed in August 1952entitled Numerical Con¬ 
trol Servo System, which was awarded in December 1%2. Inventors were listed as Jay For¬ 
rester, William Pcase. James McDonough. and Alfred Susskmd.all Servomechanisms Lab staff 
during the project. It is of inlerest to note thai a patent was also filed by John Parsons and 
Frank Siulen in May 1952 for a Motor Controlled Apparatus for Position mg Machine Tool 
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based on the idea of using punched cards and a mechanical rather than Electronic controller. 
This patent was issued in lanuary 1958. In hindsight. il is clear that the MIT research provid- 
ed the prototype for subsequent developments in NC technology. So far as is known, no com- 
mercial machines were ever introduced using the Parsons-Stulen configuration. 

Once the NC machine was operational in March 1952. trial parts were solicited from 
aircraft companies across the country to learn about the operating features and cconormes of 
NC. Several potential advantages of NC were apparent from these trials These included good 
accuracy and repeatability. reduction of noneutting time in the machining cycle, and the capa- 
bility to rnachine complex geometries. Part programming was recognized as a diffleuley with 
the new technology. A public demonstration of the machine was held in September 1952 for 
machine tool hulders (anticipated to be the corapanies that would subsequently develop Prod¬ 
ucts in the new technology), aircraft coraponent producers (expected to be the principal users 
of NC), and other interested parties. 

Reactions of the machine tool companies following the demonstrations “ranged Irom 
guarded optimism to outright negativism" [18,p.61|. Most of the companies were concerned 
about a system that relied on vaeuum tubes, not realizing that tubes would soon be displaced 
by transistors and integrated circuits They were aiso worried about their staff s qualifications 
to maintain such equipment and were generally skeptical of the NC concepl. Anticipating this 
reaction, the Air Force sponsored two additional tasks: (1) information dissemination to in- 
dustty and (2) an economic study.The information dissemination task included many visils by 
Servo Lab personnel lo companies in the machine tool industry as well as visits to the Lab by 
industry personnel to observe demonstrations of the prototype machine. The economic study 
showed clearly that the applicationE of general purpose NC machine tools were in low and 
medium quantity production, as opposed to Detroit-type transfer lines, which could be justi- 
fied only for very large quantities. 

One company that showed great interest in the MIT work was Oiddings & Lewis Ma¬ 
chine Tool Company in Fond du Lac, Wisconsin. In April 1953, an agreement was signed be- 
tween G&L and MIT to extend the technology of NGThis work resulted in the development 
of a second prototype machine that was a significant advancement over the first Servo Lab ma¬ 
chine. Two patents came out of this work, one for the machine controi unit and the second Tor 
equipment to prepare the punched paper tape for storing NC part programs. 

In 1956, the Air Force decided to sponsor the development of NC machine tools at sev¬ 
eral different companies These machines were placed in operation at various aircraft compa¬ 
nies between 1958 and 1960. The advantages of NC soon became apparent. and the aerospace 

companies began placing ordets for new NC machines In some cases, they even began build- 

ing their own units This served as a stimulus to the remaining machine tool companies that had 
not yet embraced NC technology. Advances in computer technology also stimulated furlher de¬ 
velopment (Historical Note 6.2). 

The importance of part programming was clear from the start. The U.S. Air Force con- 
tinued to encourage the development and application of NC by sponsoring research at MIT 
for a part programming language to controi NC machines This research resulted in the de¬ 
velopment of the APT language in 1958 (Historical Note 6.3). 


6.1 FUNDAMENTALS OF NC TECHNOLOGY 

To introduce NC technology, we fim define the basic components of an NC system. This 
is followed by a description of NC coordinate systems in common use and types of motion 
Controls used in NC. 
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6.1.1 Basic Components of an NC System 

An NC system consists of three basie components: (i) a program of instructions. (2) a ma- 
chinc control unit.and (3) processing equipment.Thc general rclntionship among the three 
components is illustratcd in Figurc 6.1. 

The program of instructions is the detailed step by step conimands Ihat direct the 
actions of the processing cquipmenl. In machine tool applications. the program of in¬ 
structions is called a part program, and the person who prepares the program is called a part 
programmer. In these applications, the individual commands refer to positions of a culting 
lool relative to the worktable on which the workpart is fixtured. Additional instructions are 
lis ually included. such as spindle speed, feed rate. cutting tool selection. and other funetions. 
The program is codcd on a suitable medium for submission lo the machine eontrol unit. 
Kor manyyears.the common medium »as l-inch wide punched tape.usinga standard for¬ 
mat that could be interpreted by the machine control unit. Today, punched tape has large- 
)y been replaced by newer storage technologics in modern machine shops. These 
techtiologics inelude magnetic tape, diskettes, and cleclronic transfer of part programs 
from a computer. 

In modern NC technology, the machine control unit (MCU) consists of a microcom¬ 
puter and related control hardware Ihat stores the program of instructions and exccutcs it 
by eonverting cach command into mcchanical actions of the processing equipment, onc 
command at a time. The related hardware of the MCU includcs components to interface 
with the processing equipment and feedback control elements. I he MCU also includes 
One Or more rcading devices lor enlering part programs into memory.The type of readers 
dependson the storage media used for part programs in the machine shop (e.g., punched 
tape reader. magnetic lape reader, floppy disk drive). The MCU also includes control sys¬ 
tem software.calculation algorithms. and translation software to convcrt the NC part pro¬ 
gram into a usable format for the MCU Because the MCU is a computer, the term computer 
numericalcontrol (CNC) is used to distinguish this type of NC from its technological pre- 
deccssors that were based entirely on hard-wired electronics. Today, virtually all new MCUs 
are based on computer technology; hencc. when we refer to NC in this chapter and elsc- 
where. wc mean CNC. 

The third basie componcnt of an NC system is the processing equipment that per¬ 
forms usclul work. It accomphshcs the processing steps lo (ransform the siarting work- 
piece into a completed part. Its operation is directed by the MCU. which in turn is driven 
by instructions coutaincd in the part program. In the most common example of NC. ma- 
chining. the processing equipment consists of the worktable and spindle as well as the mo¬ 
tors and Controls to drive them. 



Processing 

Figure 6.1 Basic components of an NC system. 
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6.1.2 NC Coordinate Systems 

To program the NC processing equipment. a standard axis system must be defined by which 
the position of the workhead relative to the workpart can be specified. There are two axis 
systems used in NC, one for flat and prismatic workparts and the other for rotational parts. 
Both axis systems are based on the Cartesian coordinate system. 

The axis system for flat and prismatic parts consists of the three linear axes (x, y, z) 
in the Cartesian coordinate system, plus three rotational axes (o, b, c), as shown in Figure 
6.2(a). In most machine tool applications, the x-and y-axes are used to move and position 
the worktable to which the part is attached, and the z-axis is used to Control the vertical po¬ 
sition of the cutting tool. Such a positioning scheme is adequate for simple NC applica¬ 
tions such as drilling and punchingof flat sheet metal. Programming of these machine tools 
consists of little more thar specifying a sequence of x-y coordinates. 

The a-, b-, and c-rotational axes specify angular positions about the x-, y-, and z-axes, 
respectively.To distinguish positive from negative angles, the right-hand rute is used. Using 
the right hånd with the thumb pointing in the positive linear axis direction (+x, +y, or +z), 
the fingers of the hånd are curled in the positive rotational direction. The rotational axes 
can be used for one or both of the following: (1) orientation of the workpart to present dif- 
ferent surfaces for machining or (2) orientation of the tool or workhead at some angle rel¬ 
ative to the part. These additional axes permit machining of complex workpart geometries. 
Machine tools with rotational axis capability generally have either four or five axes: three 
linear axes plus one or two rotational axes. Most NC machine tool systems do not requirc 
all six axes. 

The coordinate axes for a rotational NC system are illustrated in Figure 6.2(b).These 
systems are associated with NC lathes and tuming centers. Although the work rotates.this 
is not one of the controlled axes on most of these tuming machines. Consequently. the y- 
axis is not used. The path of the cutting tool relative to the rotating workpiece is defined 
in the x-z plane, where the x-axis is the radial location of the tool, and the z-axis is paral¬ 
lel to the axis of rotation of the part. 

The part programmer must decidc where the origin of the coordinate axis system 
should be located. This decision is usually based on programming convenience. For ex- 
ample, the origin might be located at one of the comers of the part. If the workpart is sym- 



Figure 6.2 Coordinate systems used in NC: (a) for flat and prismat¬ 
ic work and (b) for rotational work. (On most tuming machines, the 
z-axis is horizontal rather than vertical as we have shown it.) 
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metrical. Ihe 7cro point might be most conveniently defined at the center of symmetry. 
Wherever tbc location, this zero point is communicated to the machine tool operator. At 
the beginning of the job, the operator must move the cutting tool under manual Control 
to some target point on the worktable, where the tool can be easily and accurately posi¬ 
tioned. The target point has been previously referenced to the origin of the coordinate 
axis system by the part programmer. When the tool has been accurately positioned at the 
target point, the operator indicates to the MCU where the origin is located for subsequent 
tool movements. 

6.1.3 Motion Control Systems 

Some NC processes are performed at discrete locations on the workpart (e.g., drilling and 
spot wclding). Others are carried out while the workhead is moving (e.g., tuming and con- 
tinuous arc wclding). If the workhead is moving, it may be required to follow a straight 
line path or a circular or other curvilinear path These different types of movement are ac- 
complished by the motion Control system, whose features are explained below. 

Point-to-Point Versus Continuous Path Control. Motion control systems for NC 
(and robotics, Chapter 7) can be divided into two types: (1) point-to-point and (2) contin¬ 
uous path. Point-to-point systems, also callcd positioning systerns, move the worktable to a 
progranuned location without regard for the path taken to get to that location. Once the 
move has been completed. some processing action is accomplished by the workhead at the 
location, such as drilling or punching a hole.Thus, the program consists of a series of point 
locations at which operations are performed, as depicted in Figure 6.3. 

Continuous path systems generally refer to systems that are capable of continuous 
simultaneous control of two or more axes. This provides control of the tool trajectory rel¬ 
ative to the workpart. In this case, the tool performs the process while the worktable is 
moving, thus enabling the system to generate angular surfaces, two-dimensional curves,or 
threc-dimensional contours in the workpart This control mode is required in many millmg 
and tuming operations. A simple two-dimensional profile milling operation is shown in 
Figure 6.4 to illustrate continuous path control. When continuous path control is utilized 
to move the tool parallel to only one of the major axes of the machine tool worktable, this 
is calied siraight-cut NC. When continuous path control is used for simultaneous control of 
two or more axes in machining operations, the term contouring is used. 



Figure 6.3 Point-to-point (positioning) control in NC. At each x-y position, 
table movement stops to perform the hole-drilling operation. 
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tigure 6.4 Continuous path (conlouring) control in NC (*-y plane 
only). Note that cutling tool path must be offset from the part out- 
line by a distance equal to its radius. 

/nferpo/afion Methods. One of the important aspects of contourmg is inrerpofa- 
tion. The paths that a contouring-type NC system is required to generate often consist of 
circular ares and other smooth nonlinear shapes. Some of these shapes can be defined 
mat hema tic ally by relatively simple geometric fonnulas (e.g., the equation for a circle is 
x 2 + y 2 = R 2 . where R = the radius of the drele and the center of the circle is at the ori- 
gin), whereas others cannot be mathematically defined except by approximation. In any 
case. a fundamental problem in generating these shapes using NC equipment is that they 
are continuous, whereas NC is digital.To cut along a circular path, the drele must be dlvided 
in to a series of straight line segments t hat approximate the curve.The tool is commanded 
to machine each line segment in succession so that the machined surfacc closely matches 
the desired shape.The maximum error between the nominal (desired) surface and the ac- 
tual (machined) surface can be controlled by the lengths of the individual line segments, 
as explained in Figure 6.5. 

If the programmer were required to spedfy the endpoints for each of the line segments, 
the programmingtask woukl be extremely arduous and fraught with errors. Also, the part pro¬ 
gram would be extremely long because of the large number of points. To ease the burden, in¬ 
terpolation routines have been developed that calculate the intermediate points to be followed 
by the cutter to generate a particular mathematically defined or approximated path. 

A number of interpolation methods are available to deal with the various problems 
encountered in generating a smooth continuous path in contouring.They include: (1) lin¬ 
ear interpolation, (2) circular interpolation, (3) helical interpolation, (4) parabolle inter¬ 
polation, and (5) cubk interpolation. Each of these procedures, briefly described in Table 
6.1, pennits the programmer to generate machine instructions for linear or curvilinear 
paths using relatively few input parameters. The interpolation module in the MCU performs 
the calculations and directs the tool along the path. In CNC systems, the interpolator is 
generally accomplished by software. Linear and circular interpolators are almost always in- 
cluded in modent CNC systems, whereas helical interpolation is a common option. Para- 
bolic and cubic interpolations are less common; they are only needed by machine shops that 
must produce complex surface contours. 

Absolute Versus Incremental Positioning. Another aspect of motion control is 
concemed with whether positions are defined relative to the o rigin of the coordinate system 
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Figure 6.5 Approximation of a 
curved path in NC by a series of 
slraight line segments The accuracy 
of the approximation is controlled by 
the maximum deviation (called the 
tolerance) between the nominal 
(desired) curve and the straight line 
segments that are machined by the 
NC system. In (a) the tolerance Is 
defined on only the inside of the 
nominal curve. In (b) the tolerance is 
defined on only the outside of the 
desired curve. In (c) the tolerance 
is defined on both the inside and 
outside of the desired curve. 


T ABLE 6.1 Numerical Control Interpolation Methods for Continuous Path Control 

Linear interpolation. This is the most basic and is used when a straight line path is to be generated in 

continuous path NC. Two-axis and three-axis linear interpolation routines are sometimes distinguished in 
practice. but conceptually they are the same. The programmer specifies the beginning point and end point 
of the straight line and the feed rate to be used along the straight line. The interpolator computes the feed 
rales for each of the two (or three) axes to achieve the specified feed rate. 

Circular interpolation. This method permits programming of a circular arc by specifying the following 
parameters: (II the coordinates of the starting point. (2) the coordinates of the endpoint, (3) either the 
center or radius of the arc, and (4) the direction of the cutter along the arc. The generated tool path consists 
of a series of small straight line segments (see Figure 6.5) calculated by the interpolation modufe. The 
cutter is directed to move along each line segment one-by-one to generate the smooth circular path. A 
limitation of circular interpolation is that the plane in which the circular arc exists must be a plane defined 
by two axes of the NC system ,x - y, x - z, or y - z). 

Helical interpolation. This method combines the circular interpolation scheme for two axes described above 
with linear movement of a third axis. This permits the definition of a helical path in three-dimensional 
Space. Applications include the machining of large internal threads, either straight or tapered. 

Parabolic and cubic interpolations. These routines provide approximations of free form curves using higher 
order equations. They generally require considerable computationa! power and are not as common as 
linear and circular interpolation Most appfications are in the øerospace and automotive Industries for tree 
form designs that cannot accurately and conveniently be approximated by combining linear and circular 
interpolations. 
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Figurt 6.6 Absolute versus ineremental positioning. The workhead 
is presently at point (20,20) and is to be moved to point (40,50). In 
absolute positioning, the niove is specified by x = 40. > = 50;where- 
as in ineremental positioning, the move is specified by x = 20, 
y = 30. 


or relative to the previous location of the tool.The two cases arecalled absolute position¬ 
ing and ineremental positioning. In absolute positioning , the workhead locations are al- 
ways defined with respect to the origin of the axis system. In ineremental positioning , the 
next workhead position is defined relative to the present location. The difference is illus- 
trated in Figure 6.6. 


6.2 COMPUTER NUMERICAL CONTROL 

Since the introduction of NC in 1952, there have been dramatic ad vances in digital com¬ 
puter tcchnolngy.The physical size and cost of a digital computer have been significantly 
reduced at the same time that its computational capabilities have been substantially in- 
creased. It was logical for the makers of NC equipment to incorporate these advances in 
computer technology into their products, starting first with large mainframe computers in 
the 1960s, followed by minicomputers in the 197Qs,and microcomputers in the 1980s (His- 
torical Note 6.2). Today, NC means computer numerical Control. Computer numericat Con¬ 
trol (CNC) is defined as an NC system whose MCU is based on a dedicated microcomputer 
rather than on a hard-wired controller. 


Historical Note 6.2 Digital computers for NC 

The devetopment of NC has relied heavily on advances in digital computer technology. As 
computers evdved and their performance impreved, producers of NCmachines were quick to 
adopl the latest generation of computer technology. 

The first application of the digital computer for NC was to perform part programming. 
In 1956. MIT demonstrated the feasibility of a computer-aided part programming system using 
its Whirlwind I computer (an early digital computer prototype developed at MIT). Based on 
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this demonstration. the U.S. Air Force sponsored developrnent ol the APT language, which 
was completed in 1958 and subscqucntly rclcased in December 1961 (Historical Note 6.3). 

Numerical control technology was in its second decade before computers were employed 
to actually control machine tool motions. In the mid-1960s, the eoncept Ot' direct numental 
control (DNO was dcvcloped. In DNC. individuai machine lools were conlrolled by a main- 
frtimc computer located remolely from the machincs. The computer bypassed the punched 
tape reader, instcad transmitting instructions to the machine m reai timc.one block at a lime. 
The first prototype system was demonst rated in 1966 [8]. Two companies thal pioneered the 
developrnent of DNC were General Electric Company and Cincinnati Millmg Machine Com- 
pany (changing ils name to C'mcinnali Milacron in 1970). Scveral DNC systems were demon- 
stralcd al the National Machine Tool Show in 1970. 

Mainframe computers reprcscilted the State of the technology in the mid-1960s. Thcre 
were no personal computers ot microcomputers at that time. But the trend in computer iech- 
nology was toward the use ol imegrated tireuits of inereasing levcls of integration, which re¬ 
sulted in dramatic incrcases in computational perforrrance at the same time that the size and 
cost of the computer were rcduccd. At the beginning of the I970s, the economics were right ior 
usiitg a dcdicated computer as the MCU.This application came to be known as computer nu- 
mene til control (CNC). At first, minicomputers were used as the controllers; subsequently, mi- 
crocomputers were used as the pcrformance/size trend continued. 

CNC altered the economics of DNC. Direct numerical control economics were never at- 
traettve in the first ptace. The DNC systems marketed in the lale 1960s and early I970s were 
very expensive.Their high cost, combined with their inflexibility in terms of management-ie- 
porting formats and hardware requirements, eaused businesscs to resist the tcmplation to 
piunge into the new technology. All of a sudden. CNC was available. Why usc an expensivc 
mainlramc computer to run multiple machine tools, when each machine could have its own 
computer? Yct the DNC concept had merit, becausc it included a Communications network that 
provided for collcciion of data from the machine lools as well as distribution ot part programs 
to the machincs. As CNC replaced cunvcntiona) NC, the notion ot DNC reappeared only in a 
differenl form. Inslead of direct control of individuai machincs by a central computer, one in¬ 
struction block at a lime, the central computer could download entire part programs to the 
machincs. The term used for this modified form of DNC was distributed NC. 


6.2.1 Features of CNC 

Computer NC systems include additional features beyond what is feasible with conventional 
hard-wired NC.These features, many of which are standard on most CNC MCUs wherc- 
as others are optiona), include the following: 

• -Storage of more than one part program. With improvements in computer storage tech¬ 
nology, newer CNC controllers have sufficient capacity to store multiple programs. 
Controller manufacluiers generally offer one or more memory expansions as op¬ 
tions to the MCU. 

• Various forms of program input. Whereas conven tional (hard-wired) MCUs are lim- 
ited to punched tape as the input medium for entering part programs. CNC controllers 
generally possess multiple data entry capabilities, such as punched tape (if the machine 
shop still uses punched tape), magnetic tape. floppy diskette. RS-232 Communications 
with external computers, and manual data input (operator entry of program). 

• Program editing at the machine tool. CNC permits a part program lo be edited while 
it resides in the MCU computer memory. Hence, the process of testing and correct- 
ing a program can bc done entirely at the machine site, rather than returning to the 
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programming office to correct the tape. In addition to part program correetions,cdit- 
ing also permits optlmizing cutting conditions in lhe machining cyclc- After correct- 
ing and optimizing the program, the revised version can be stored on punched tape 
or other media for future usc. 

Fixed cyctes and programming subroutines. The increased memory capacity and the 
abi) i ty u> piograiu the control computer provide the opportunily to store frequently 
used machining cycles as mucros that can be called by the part program. Instead of 
writing the full instructions for the particular cycle into every program, a call state¬ 
ment is included in the part program to indicate that the macro cycle should be exe- 
cutcd.Thcsc cycles often require that certain parameters bc defined; for exarople. a 
bolt hole circle. in which the diameter ot the bolt circlc, the spacing of the bolt holes, 
and other parameters must be specified. 

Interpolation. Some of the interpolation schcmes tlescribed in Table 61 are normally 
executed only on a CNC system because of the computational requirements. Linear and 
circular interpolation are somctimes hard-wited into the control unit,but helical, par¬ 
abolle, and cubic interpolations are usually executed in a stored program aigorithm. 
Positicning features for setup. Setting up lhe machine tool for a given workpart in- 
volves installing and aligning a fixturc on the machine tool table. This must be ac- 
complished so that the machine axes are established with respect to the workpart.The 
alignment task can be facilitaled using certain features made possible by software 
options in a CNC system. Position set is one of these features. With position set. the 
operator is not required to locate the fixturc on the machine table with extreme ac- 
curacy. Instead, the machine tool axes are referenced to the location of the fixture by 
using a target point or set of target points on the work or fixture. 

Cutter length and size compensation. In older style Controls, cutter dimensions had to 
be set very precisely to agree with the tool path defined in the part program. Alter¬ 
native methods for ensuring accurate tool path definition have been incorporated 
into CNC Controls. One method involves manually entering the actual 100I dimensions 
into the MCU. These actual dimensions may differ from those originally programmed. 
Compcnsations are then automatically made in the computed tool path. Another 
method involves use of a tool length sensor built into the machine. In this technique. 
the cutter is mounted in the spindle and the sensor measures its length. This men¬ 
sured value is then used to correct the programmed tool path. 

Acceleration and deceleration cakulatiora. This feature is applicable when the cutter 
moves at high feed rates. It is designed to avoid tool marks on the work surface thal 
would be generated due to machine tool dynamics when the cutter path changes abrupt- 
ly. Instead, the feed rate is smoothly decelerated in anticipation of a tool path changc 
and then accelerated back up to the programmed feed rate after the direction change. 
Communications interface. With the trend toward interfacing and networking in plants 
today, most modem CNC controllere are equipped with a standard RS-232 or other 
Communications interface to allow the machine to be linked to other computers and 
computer-driven devices.This is useful for various applications, such as: {1) down- 
loading part programs from a central data file as in distributed NC; (2) collecting op¬ 
erational data such as workpiece counts, cycle times, and machine utilization; and 
(3) interfacing with peripheral equipment. such as robots thai load and unload parts. 
Diagnostics. Many modern CNC systems possess an on-liite diagnostics capability 
that monitors certain aspects of the machine tool to detect malfunctions or signs of 
impending malfunctions or to diagnose system breakdowns. Some of the commoo 
features of a CNC diagnostics system are listed in Table 6.2 
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TABLE 6.2 Common Features of a CNC Diagnostics System _ 

Control start-up diagnostics. This diagnostic check is applied when the CNC system is 
initially powered up. It checks the integrity of system components, such as the CPU, 
servo Controls, and input/output (I/O) board, indicating which components have failed 
or malfunctioned during startup. 

Malfunction and failure analysis When a malfunction is detected during regular machine 
operation, a message is displayed on the controller's CRT monitor indicating the nature 
of the problem. Depending on the seriousness of the malfunction, the machine can be 
stopped cr maintenance can be scheduled for a nonproduction period. In the event of a 
machine breakdown, the analysisfeature can help the repair crew determine the 
ressort for the breakdown. One of the biggest problems when a machine failure occurs 
is diagnosing the reason for the breakdown. By monitoring and analyzing its own 
operation, the system can determine and communicate the reason for the failure. In 
many diagnostics systems, a Communications link can be established with the machine 
tool builder to provide repair support to the user. 

Extended diagnostics for individual components. If an intermittent problem is suspected 
of a certain component, a continuous check of the component can be initiated- 

Tool life monitoring. Tool life data for each cutting tool are entered into the system. The 
system accumulates the actual run time of each tool, and when its life expectancy is 
reached, a tool change notice is displayed. In some CNC systems, the worn tool will be 
replaced by an identical tool if one is available in the tool drum. 

Preventive maintenance notices. This feature indicates when normal preventive 
maintenance routines must be performed, such as checks on cutting fluid levels, 
hydraulic fluid, and bearmg fitting changes. 

Programming diagnostics. This feature consists of a graphics simulator to check new part 
programs. Some systems calculate data such as machining cycle times and actual 
cutting time of each tool during the cycle. 

Sourca: No 9 tcer( 16 l and othars. 


6.2.2 The Machine Control Unit for CNC 

The MCU is the hardware that distinguishes CNC from conventional NC. The general 
configuration of the MCU m a CNC system is illustrated in Figure 6.7. The MCU consists 
of the following components and subsystems: (I) central processing unit, (2) memory, 
(3) I/O interface. (4) Controls for machine tool axes and spindle speed, and (5) sequence 
Controls for other machine tool funetions.Tliese subsystems are interconnected by means 
of a system bus. as indicated in the figure. 



Figure 6.7 Configuration of CNC machine Control unit. 
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Central Processing Unit. The central processing unit (CPU) is the brain of Ihe 
MCU. It manages the othercomponents in the MCU based on software contained in main 
memory.Thc CPU can be divided into three sections: (1) control section. (2) arithmetic-logic 
unit, and (3) immediate access memory. Thc control section retrieves commands and data 
from memory and generates signals to activate other components in the MCU. In short, it 
sequenccs.coordinates.andregulates all of the activities of the MCI J computer. The nriih- 
metic-logic unit (AI.U) consists of the circuitry to perform various calculations (addition, 
subtraction, multiplication), counting. and logical funetions required by software residing 
in memory. The immediate access memory provides a lemporary storage for data being 
processed by the CPU. It is connected to main memory by tneans of the system data bus. 

Memory. The immediate access memory in the CPU is not intended for storing 
CNC software- A mueh greater storage capaciry is required for the various programs and 
data nccded to operate the CNC system. As with most other computer systems. CNC mem¬ 
ory can be divided into two categories: (I) main memory and (2) secondary memory. Main 
memory (also known as primary storage ) consists of ROM (read-only memory) and RAM 
(random access memory) devices. Operating system software and machine interface pro¬ 
grams (Section 6.2.3) are generally slored in ROM.These programs are usually installed 
by the manufacturer of the MCU. Numerical control part programs are stored in RAM 
devices. Cunent programs in RAM can be erased and replaced by new programs as jobs 
are changcd. 

High-capacity secondary memory (also called auxiliary storage or secondary storage) 
devices are used to store large programs and data files, which are transferred to main mem¬ 
ory as needed. Coramon among the secondary memory devices are floppy diskettes and 
hard disks. Floppy diskettes are portable and have replaced mueh of the punched paper tape 
traditionally used to store part programs. Hard disks are high-capacity storage devices that 
are permanently installed in the CNC machine control unit. CNC secondary memory is 
used to store part programs, macros, and other software. 

Input/Output Interface. The I/O interface provides communication between the 
various components of the CNC system, other computer systems, and the machine opera¬ 
tor. As its name suggests, the I/O interface transmits and receives data and signals to and 
from external devices, several of which are indicated in Figure 6.7. The operator control 
panel is the basic interface by which the machine operator communicates to the CNC sys¬ 
tem. This is used lo enter commands relating to part program editing, MCU operating 
mode (e.g.. program control vs. manual control),speeds and feeds, cutting fluid pump on/off, 
and similar funetions. Either an alphanumeric keypad or keyboard is usually included in 
the operator control panel.The I/O interface also includes a display (CRT or LED) for com¬ 
munication of data and information from the MCU to the machine operator. The display 
is used to indicate current status of the program as it is being executed and to warn the op¬ 
erator of any malfunctions in the CNC system. 

Also included in the I/O interface are onc or more means of entering the part pro¬ 
gram into storage. As indicated previously, NC part programs are stored in a variely of 
ways, including punched tape, magnetic tape, and floppy disks. Programs can also be entered 
manually by the machine operator or stored at a central computer site and transmitted via 
tocal area netwnrk (LAN) to the CNC system. Whichcvcr means is empioyed by tbe plant, 
a suitable device must be included in the I/O interface to allow input of the program into 
MCU memory. 
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Controls for Machine ToolAxes and Spindle Speed. These are hardware com- 
poncnts that Control the position and velocity (feed rate.) of each machine axis as well as 
the rotational speed of the machine tool spindle. The control signals generated by MCU 
must bc converted to a form and power level suiled to the particular position control sys¬ 
tems uset! to drive the machine axes. Positioning systems can be classified as open-loop or 
closecMoop. and differenl hardware components are recjuired in each case. A morc-detailed 
discussion of these hardware elements is presented in Section 6.6,together with an anaty- 
sis of how they operate together to achieve position and fced rate control. For our pur¬ 
poses liere, it is sufficient to indicate that some of the hardware components are resident 
in the MCU 

Dupcnding on the type of machine tool. the spindle is used lo drive cither (1) the 
workpiece or (2) a rotating cutter.Turning excmplifics the first case. whereas milling and 
drilling exemplify the second. Spindle speed is a programmed parameter for most CNC 
machine tools. Spindle speed control components in the MCU usually consist of a drive con¬ 
trol circuil and a feedback sensor interface. The particular hardware components depend 
on the type of spindle drive. 

Sequencø Controls for Other Machine Tool Functions. In addition to control of 
lable position, feed rate. and spindle speed, scveral additional functions arc accomplishcd 
under part program control.'l'hese auxiliary lunetions arc generally on/off (binary) actu- 
ations. interiocks. and discrctc numerical data. A sampling of these funelions is presented 
in Table 6,3. To avoid ovcrloading the CPU. a programmable logic controller (Chapter 8) 
is sometimes used to manage the I/O interface for these auxiliary functions. 

Personal Computers and the MCU. In growing numbers, personal computers 
(PCs) are being used in the factory to implemeni process control (Section 4.4.6), and CNC 
is no exception. TVo basic configurations are being applied [14J: (1) the PC is used as a 
separate front-end interface for the MCU. and (2) the PC contains the motion control 
board and other hardware required to operate the machine tool. In the second case, the 
CNC control board fits into a standard slot of the PC. In either con fi gu ration, the advan- 
tage of using a PC for CNC is its flexibility to execute a variety of user software in addition 


TABLE 6.3 Examples of CNC Auxiliary Functions Often implementer! by a Programmable Logic Controller 
in the MCU 


CNC Auxiliary Function 

Type or Classification 

Coolant control 

On/off output from MCU to pump 

Tool changer and tool storage unit 

Discrete numerical data (possible values limited to capacity of 
tool storage unit) 

Fixture damping device 

On/off output from MCU to clamp actuator 

Emergency warning or stop 

On/off input to MCU from sensor; on/off output to display and 

Robot for part loading/unloading 

Interlockto sequence loading and unloading operation: 1/0 
signals between MCU and robot 

Timers 

Continuous 

Counters (e.g., piece counts) 

Discrete numerical data (possible values limited to number of 
parts that can be produced in a given time period, such as a shift) 
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to and concurrently with cuntrolling thc machine tool operation. The user software might 
include programs for shop-floor conlrol. statistical process control, solid modeling, cutting 
tool management, and other computer-aidcd manufacturing software. Other benefits in¬ 
clude improved case of use compared with conventional CNC and ease of networking the 
PCs. Possible disadvantages include (1) lost time to retrofit the PC for CNC, particularly 
when instaDing the CNC motion Controls inside the PC. and (2) current limitations in ap- 
plications requinng complex five-axis conlrol of the machine tool-for these applications, 
traditional CNC is still more efficient. It should be mentioned that advances in the tech- 
nology of PC-based CNC are likely to reduce these disadvantages over time. Companies 
are demanding open architecture in CNC products, which permits componcnts from dif- 
ferent vendors to bc used in the same system (7], 

6.2.3 CNC Software 

The computer in CNC operates by means of software. There are three types of software 
programs used in CNC systems: (I) operating system software, (2) machine interface soft¬ 
ware, and (3) application software. 

The principal funetion of the operating system software is lo interpret the NC pari pro¬ 
grams and generate the corresponding control signals to drive the machine tool axes. It is 
installed by the controller manufacturer and is stored in ROM in the MCU.The operating 
system software consists of the following: (1) an editor, which permits the machine opera¬ 
tor to input and edit NC part programs aild perform other file management functions;(2) s 
control program, which decodes the part program instructions, performs interpolation and 
acceleratioD/dcccleration calculations. and accompiishes other related funetions to pro- 
duce the coordinate control signals for each axis;and (3) an executiveprogram, which man- 
ages the execution of the CNC software as well as the I/O operations of the MCU. The 
operating system software also includes the diagnostics routines that are availabte in the 
CNC system (Table 6.2). 

The machine interface softwarets used to operate the communication link between the 
CPU and the machine tool to accomplish the CNC auxiliary funetions (Table 6.3). As pre- 
viously indicated, the I/O signals associated with the auxiliary funetions arc sometimes im- 
plemented by means of a programmable logic controller interfaced to the MCU.andsoihe 
machine interface software is often written in the form of Ladder logic diagrams (Section 8.2). 

Finally, the application software consists of the NC part programs that are written for 
machining (or other) applications in the user's plant. We postpone the topic of part pro- 
gramming to Section 6.5. 


Historical Note 6.2 describes several ways in which digital computers have been used to im- 
plement NC In this section, we diseuss two of these implementations that are distinguished 
from CNC: (1) dircct NC and (2) distributed NC. 

6.3.1 Direct Numerical Control 

The first attempt to use a digital eumputer to drive the NC machine tool was DNC This 
was in the late 1960s befoie the advent of CNC. As initially implemented. DNC involved 
the control ot a number of machine tools by a single (mainframe) computer through direct 
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connection and in real time. Instead of using a punched tape reader to enter the part pro¬ 
gram into the MCU, the program was transroitted to the MCU directly from the comput¬ 
er, one block of instructions at a time.This mode of operation was referred to by the name 
behind the tape reader (BTR). The DNC computer provided instruction blocks to the ma- 
chine tool on demand; when a machine needed control commands, they were communicated 
to it immcdiately. As each block was executed by the machine, the next block was trans- 
mitted. As far as the machine tool was coneerned, the operation was no different from that 
of a conventional NC controller. In theory, DNC relieved the NC system of its least reli- 
able components: the punched tape and tape reader. 

The general configuration of a DNC system is depicted in Figure 6.8. The system 
consisted of four components: (1) central computer, (2) bulk memory at the central com¬ 
puter site, (3) set of controlled machines, and (4) telecommunications lines to connect the 
machines to the central computer. In operation, the computer called the required part pro¬ 
gram from bulk memory and sent it (one block at a time) to the designated machine tool. 
This procedure was replicated for all machine tools under direct control of the computer. 
One commercially available DNC system during the 1970s claimed to be capable of con- 
tiolling up to 256 machines. 

In addition to transmitting data to the machines, the central computer also rcceived 
data back from the machines to indicate operating performance in the shop (e.g., number 
of macliiiiing tyctcs coiuplctcd, macliim.- uiilizaituu, and breakdowns). Thus, a central ub- 
jective of DNC was to achieve two-way communication between the machines and the 
central computer. 

Advantages claimed for DNC in the early 1970s included: (1) high reliability of a 
central computer compared with individual hard-wired MCUs; (2) elimination of the tape 
and tape reader, which were unreliable and error-prone; (3) control of multiple machines 
by one computer, (4) improved computational capability for circular interpolation; (5) part 
programs stored magnetically in bulk memory in a central location; and (6) computer lo- 
cated in an environmentally agreeable location. However, these advantages were not 
enough to persuade a conservative manufacturing community to pay the high investment 
cost for a DNC system, and some of the claimed advantages proved to be overly optimistic. 



Figure fidt General configuration of a DNC system. Connection to MCU is be¬ 
hind the tape reader. Key: BTR = behind the tape reader, MCU = machine 
control unit. 
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For example, elimination of tape readers was unrealistic because of the need for an alter¬ 
native »av to load part programs in case the central computer went down.Thc installations 
of DNC were limit ed to the aerospace industry. which had been involved in NC technolo- 
gy since the beginning and possessed a large number of NC machines. These machines 
were often dispersed throughout large factories. and DNC represented an efficient way to 
distribute part programs to the machines. 

6.3.2 Distributed Numerical Control 

As the number of CNC machine installations grew during the 1970s und 1980s, DNC 
emerged once again, but in the form of a distributed computer system, or distributed Nu¬ 
merical control (DNC).The configuration of the new DNC is very similar to that shown in 
Figure 6.8 except that the central computer is conncctcd to MCUs, which are themselves 
computers. This pemiits complete part programs to be sent to the machine tools. rather 
than one block at a time. Il also permits easier and less costly installation of the overall sys¬ 
tem. because the individual CNC machines can be put into service and the distributed NC 
can be added later. Redundant computers improve system reliability compared with the 
original DNC. The new DNC permits two-way communication of data between the shop 
floor and the central computer, which was one of the important features included in the old 
DNC. However. improvements in data collection devices as well as advances in computer 
and Communications technologies have expanded the range and flexibility of the infor¬ 
mation that can be gathered and disseminatod. Some of the data and information sets in¬ 
cluded in the two-way communication flow are itemized in Tablc 6.4. This flow of 
information in DNC is similar to die information flow in shop floor control, discussed in 
Chapter 26. 

Distributed NC systems can lake on a variety of physical configurations.depending 
on the number of machine tools included, job complexity, security requirements, and equip- 
ment availability and preferences-There are several ways to configure a DNC system. We 
illustrate two types in Figure 6.9: (a) switching network and (b) LAN. Each type has sev¬ 
eral possible variations. 

The switching network is the simplest DNC system to configure. It uses a data switch¬ 
ing box to make a connection from the central computer to a given CNC machine for 
do wnloading part programs or uploading data. Transmission of programs to the MCU is ac- 
complished through a RS-232-C connection. (Virtually all commercial MCUs include the 
RS-232-C or compatible device as standard equipmeni loday.J Use of a switching box lim¬ 
its the number of machines that can bc included in the DNC system, The limit depends on 


TABLE 6.4 Flow of Data and Information Between Central Computer and Machine Tools in DNC 


Data and Information Oown/oaded from the 

Central Computer to Machine Tools and Shop Floor 

Oafa and Information Loaded from the Machine 
Tools and Shop Floor to the Central Computer 

NC part programs 

List of tools needed for job 

Machine tool setup instructions 

Machine operator instructions 

Machining cycle time for part program 

Data about when program was last used 
Production Schedule information 

Piece counts 

Actual machining cycle times 

Tool life statistics 

Machine optime and downtime statistics, from 
which machine utilization and reliability can be 
assessed 

Product quality data 
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(b) 

Figure 6.9 Two configurations of DNC: (a) switching nctwork and 
(bH-AN. Key: MCU = machine control unit. MT = machinetool. 


factors such as part program complexity, frequency of service required to each machine,and 
capnbilities of the central computer.The number of machines in the DNC system can be 
inereased by employing a seiial link RS-232-C multiplexer. 

Local area networks have been used for DNC since the early 1980s. Various network 
structures are used in DNC systems, among which is the centralized structure illustrated in 
Figure 6.9(b). In this arrangement, the computer system is organized as a hierarchy, with the 
central (host) computci coordinating scveral satellite computers that are each responsible 
for a number of CNC machines. Alternative LAN structures are possible, each with its rel¬ 
ative advantages and disadvantages. Local area networks in different sectioas and depart- 
mentsof a plant are often interconnccted in plant-w:de and corporate-wide networks. 

6.4 APPLICATIONS OF NC 

The operating principlc of NC has many applications. There are many industrial opera¬ 
tions in which the position of a workhead must be controlled relative to a part or product 
being processed.The applications di vide in to two categories: (1) machine tool applications 
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and (2) non-machine tool applications. Machine tool applications are those usually asso- 
ciated with the raetalworking industry. Non-machine tool applications comprise a diverse 
group of operations in other Industries. It should be noted that the applications are not al- 
ways identified by the name “numerical Control"; this term is used principally in the ma- 
chine tool industry. 

6.4.1 Machine Tool Applications 

Tbe most common applications of NC are in machine tool control. Machining was the first 
application of NC, and it is still one of the most important commercially. In this section, we 
discuss NC machine tool applications with emphasis nn metal machining processes. 

Machining Operations and NC Machine Tools. Machining is a manufacturing 
process in which the geometry of the work isproduced by removing excess material (Sec¬ 
tion 2.2.1). By controlling the relative motion between a cutting tool and the workpiece, the 
desired geometry is created. Machining is considered one of the most versatile processes 
because it can be used to create a wide variety of shapes and surface finishes. It can be per- 
formed al relatively high produciion rates to yield highly aecurate parts at relatively low cost. 

There are four common types of machining operations: (a) turning, (b) drilling, 
(c) milling.and (d) grinding.The four operations arc shown in Figure 6.10. Bach of the ma- 
chining operations is carried out at a certain combination of speed, feed, and depth of cut. 
collectively callcd the cutting cnnditions for the operation.The terminology varies some- 
what for grinding. These cutting conditions are iilustrated in Ftgure 6.10 for (a) turning, 
(b) drilling, and (c) milling. Consider milling. The cutting speed is the velocity of the tool 
(trilling cutter) relative to the work. measured in meters per minute (feet per minute). 
This is usually programmed into the machine as a spindle rotation speed (revolutions per 
minute). Cutting speed can be converted into spindle rotation speed by means of the lol- 
lowing equation: 


where .V = spindle rotation speed (rev/min), v = cutting speed (m/min,ft/min), and 
D = milling cutter diameter (m, ft). In milting, the feed usually means the size of the chip 
formed by each tooth in the milling cutter, often referred to as the chip load per tooth. 
This must normally be programmed into the NC machine as the feed rate (the travel rate 
of the machine tool table). Therefore. feed must be converted to feed rate as follows: 

f,-N n,f (6.2) 

where/, = feed rate (mm/min,in/min). N = rotational speed (rev/min ),n, = numberof 
teeth on the milling cutter, and / = feed (mm/tooth. in/tooth). For a turning operation, 
feed is defined as the lateral movement of the cutting tool per revolution of the workpiece, 
so the units are millimeters per revolution (inches per revolution). Depth of cut is the dis¬ 
tance the tool penetrates below the original surface of the work (mm, in). These are the pa¬ 
rameters that must be controlled during the operation of an NC machine through motion 
or position commands in the part program. 

Each of the four machining processes is traditionally canied out on a machine tool 
designed to perform that process.Himing is performed on a lathe, drilling is done on a drill 
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Figure 6.10 The four common machining operations: (a) tuming, 

(b) drilling. (c) peripheral milling. and (d) surface grinding. 

press, milling on a milling machine, and so on. The common NC machine tools are listed 
in the follow.ng along with their typical features: 

• JVC laihe. either horisontal or vertical axis.Turning requires two-axis, continuous path 
control. either to produce a straight cylindrical geometry (called straight tuming) or 
to create a profile (contour tuming). 

• NC boring mili, horizontal and vertical spindle. Boring is similar to tuming. except that 
an internal cylinder is created instead of an extemal cylinder. The operation requires 
continuous path. two-axis control. 

• NC driil press. These machines use point-to-point control of the workhead (spindle 
containing the driil bit) and two axis (x-y) control of the worktable. Some NC driil 
presses have turrets containing six or eight driil bits. The lurret position is programmed 
under NC control. thus allowing different driil bits to be applied to the same work- 
part during the machine cycle without requiring the machine operator to manually 
change the tool. 

• NC milling machine. Milling machines require continuous path control to perform 
straight cut or contounng operations. Figure 6.11 illustrates the features of a four- 
axis milling machine. 
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(a) (b) 

Flgure 6.1 i (a) Four-axis CNC horizontal milling machine with safety panels in- 
stalled and (b) with safety panels removed to show typical axis configuration for 
the horizontal spindle. 


• NC cylindricalgrinder. This machine operates like a tuming machine, except that the 
too! is a grinding wheel. It has continuous path two-axis control,similar to an NC lathe. 

Numerical control has had a profound influence on the design and operation of ma¬ 
chine tools. One of the effects has been that the proportion of time spent by the machine 
cutting metal is significantly greater than with manually operated machines.This causes cer- 
tain components such as the spindle. drive gears, and feed screws to wear more rapidly. 
These components must be designed lo last longer on NC machines. Second, the addition 
of the electronic control unit has increased the cost of the machine, therefore requiring 
highcr cquipment utilization. instead of runningthe machine during only one shift, wbich 
is usually the convention with manually operated machines, NC machines are often oper¬ 
ated during two or even three shifts to obtain the rcquired economic payback. ThLrd, the 
inereasing cost of labor has altered the relative roles of the human operator and the ma¬ 
chine tool. Consider the role of the operator. Instead of being the highly skilied worker who 
controlled every aspect of part production, the tasks of the NC machine operator have 
been reduced to part loading and unloading, tool-changing, chip clearing, and the like. 
Owing to these reduced responsibilities, one operator can often run two or three auto- 
matic machines. 

The funetions of the machine tool have also changed. NC machines are designed to 
be highly automatic and capable of combining several operations in one setup that for¬ 
merly required several different machines.They are also designed to reduce the time con- 
sumed by the noneutting elements in the operation cycle, such as changing tools and loading 
and unloading the workpart.These changes are best exemplified by a new type of machine 
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that did nol exist prior lo Ihc advent and development of NC: machining centers. A ma- 
chininfi center is a m adun c tool capablc of performing multiple machining operations on 
a single workpiece in onc Setup. The operations involvc rotating cutters. such as milling 
and drilling. and the feature that enahles more than one operation to t>e performed in one 
setup is autoroatic tool-changing. We discuss machining centers and related machine tools 
in ttur coverage of single station manufacturing cells (Section 14.3.3). 

NC Application Characteristics. In general, NC technology is appropriate for low- 
to-me<Iium pnxluction of medium- to-high variety product. Using the terminology of Sec¬ 
tion 2.3.1. the product is low-to-medium Q. medium-to-high P. Over many years of machine 
shop practice.certain part characteristics have come to be identified as being most suited 
to the application of NCThese characteristics are the following: 

1. Butch produt tion. NC is most appropriate for parts producetl in small or medium lot 
si/es (batch sizes ranging from as low as one unit up to scveral hundred units). Ded- 
lcated automation would be uneconomicul for these quantities becausc of the high 
fixed cost. Manual produclion would require many separate machine setups and 
would result in highcr labor eost. longer lead time. and higher scrap rate. 

2. Repem orden. Batches of the same parts are produced at random or periodic inter¬ 
vals. Onve the NC part program has been prepared. parts can be economieally pro¬ 
duced in subsequent batches using Ihe same part program. 

3. Complet partgeometry. The part geometry includescomplex curved surfaces such as 
those found on airfoils and turbine blades. Mathematically defined surfaces such as 
circlcs and helixes can also be accomplished with NC Some of these geometries would 
bedifficult if not impossible to achieve aecuratcly using con ventional machine tools. 

4. Mach metalneeds to hr removed from the •vorkpurl .This condition is often associat- 
ed with a eomplex part geometry.The volume and weight of Ihe final machined part 
is a relatively small fraction of the starting block. Such parts are common in the air- 
craft induslry to fabricate large structural sections with low weights. 

5. Many separate machining operations on the part. This applies to parts consisting of 
many machined features requiring different cutting tools, such as drilled and/or tapped 
holes, slots, flåts, and so on. If these operations were machined by a series of manual 
operations, many setups would be needed.The number of setups can usually be re- 
duced significantly using NC. 

6. The partis' expensive. This factor is often a consequence of one or more of preceding 
factors 3.4. and 5. It can also result from using a high-cost slarting work malerial. 
When the part is expensive. and mistakes in processing would becostly.the use of NC 
helps to rcduce rework and scrap losses. 

These characteristics are summarr/cd in Table 6.5, which is organized as a checklist 
for potential NC usent to evaluate their operations in terms of NC applicabiiity. The more 
check marks falling in the “YES" column, the more likely that NC will be successful. AJ- 
though the list pertains to machining. the characteristics are adaptablc to other produc¬ 
lion applications. 

NC for Other Metalworking Pmcesses. In addition to the machining process, NC 
machine tools have also been developed for other metal working processes. These aia- 
chines includc the following; 
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TABLE 6.5 Checklist to Determine Applicabilily of NC in Machine Shop Operations 

A/O Ifew or no YES (many 

Production Characteristic applications) applications) 

1. Batch production in small or medium lot sizes__ 

2. Repsat orders at random or periodic intervals__ 

3. Complex part geometry __ — 

4. Much metal needs to be removed from the part__ 

5. Many separate machining operations on the part _ _ 

6. The part is expensive __ __ 

Total check marks in each column __ 


Punch presses for sheet metal hole punching The two-axis NC operation is similar to 
that of a drill press except that holes are produced by punching rather than by drilling. 
Presses for slieei uictal bcnding. Instcad of cutting sheet metal, these systems bend 
sheet metal according to programmed commands. 

Welding machmes. Both spot welding and continuous arc welding machines are avail- 
able with automatic Controls based on NC. 

Thermal cutting machines , such as oxyfuel cutting, laser cutting, and plasma arc cut- 
ting. The stock is usually flat; thus, two-axis ccmtrol is adequate. Some laser cutting ma¬ 
chines can cut holes in preformed sheet metal stock, requiring four-or-five axis control. 
Tube bending machines. Automatic tube bending machines are programmed to cor.- 
trol the location (along the length of the tube stock) and the angle of the bend Im- 
portant applications include frames for bicycles and motorcycles. 


6.4.2 Other NC Applications 

The operating principle of NC has a host of other applications besides machine tool Con¬ 
trol. However, the applications are not always referred to by the term "numerical control.’’ 
Some of these machines with NC-type Controls that position a workhead relative to an ob- 
ject being processed are the following: 

• Electrical wire wrap machines. These machines, pioneered by Gardner Denver Cor¬ 
poration, have been used to wrap and string wires on the back pins of electrical wiring 
boards to establish connections between componcnts on the front of the board. The 
program of coordinate positions that define the back panel connections is determined 
from design data and fed to the wire wrap machine. This type of equipment has been 
used by computer firms and other companies in the electronics industry. 

• Component insertion machines. This equipment is used to position and insert com- 
ponents on an x-y plane, usually a flat board or panel. The program specifies the x- 
and y-axis positions in the plane where the components are to be located. Component 
insertion machines find extensive applications for inserting electronic components 
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into pnntcd circuit boards. Machines are available for either through-hole or surface- 
mounl applications as well as similar insertion-type mechanical assembly operations. 

• Drafting machines. Automated drafting machines serve as one of the output devices 
for a CAD/CAM (eomputer-aided design/computer-aided manufacturing) system- 
The design of a product and its components are developed on the CAD/CAM sys¬ 
tem. Design iterations are developed on the graphics monitor rather than on a me 
chanical drafting board. When the design is sufficiently finalized for presentation.the 
output is plotted on the drafting machine, basically a high speed x-y plotter. 

• Coordinate measuring machine. A coordinate measuring machine (CMM) is an in- 
spcction machine used for measuring or checking dimensions of a part.The CMM has 
a probe thai can bc manipulated m three axes and identifies when contact is made 
against a pan surface.Thc location of the probe tip is determined by the CMM Con¬ 
trol unit. thereby indicating sonie dimension on the part. Many coordinate measur¬ 
ing machines are programmed to perform automated inspections under NC. We 
disens«, coordinate measuring machines in Section 23.4. 

• Tape laying machines for polymer composites. The workhead of this machine is a dis¬ 
penser of uncured polymer matrix compositc tape.The machine is programmed to lay 
the tape onto the surface of a contoured mold,following a back-and-forth and criss- 
cross pattern to build up a requireri thickness.The result is a multilayered panel of 
the same shape as the mold. 

• Filament winding machines for polymer composites. This is similar to the preceding 
except that a filament is dipped in uncured polymer and wrapped around a rotating 
pattem of roughly cylindrical shape. 

Additional applications of NC indude cloth cutting,knitting, and riveting. 

6.4.3 Advantages and Disadvantages of NC 

When the production application satisfies the characteristics in Table 6.5, NC yields many ben- 
efits and advantages over manual production methods.These benefits and advantages trans¬ 
late into economic savings for the user company. However. NC is a more-sophisticated 
tcchnology than conveiuional production melhods are.and there are drawbacks and costs that 
must bc considered to apply the technology effeetively. In this section, we examine the ad¬ 
vantages and disadvantages of NC. 

Advantages of NC. The advantages generally attributed to NC, with emphasis on 
machine tooi applications, are the following: 

• Nonproductive time is reduced. NC cannot optimize the metal cutting process itself, 
bul it does inerease the proportion of time the machine is cutting metal. Reduction 
in noneutting lime is achieved through fewer setups, less setup time, reduced work- 
piece handling time, and automatic tool changes on some NC machines. This advan- 
tagc translates into labor cost savings and lower elapsed times to produce parts. 

• Greater accuracy and repeatability Compared with manual production methods, NC 
reduces or eliminates variations that arc duc to operator skili differences, fatigue, 
and other factors attributed to inherent human variabilities. Parts are made doser to 
nominal dimensions, and there is less dimensional variation among parts in the batch. 
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• Lower scrup rates. Because greater accuracy and repeatability are achieved, and be¬ 
cause human errors are reduced during production. more paris are produced within 
tolerance. As a consequcnce, a lower scrap allowance can be planned into the pro¬ 
duction schedule. so fewer parts are made in each batch with the result Ihat produc¬ 
tion time is saved. 

• /nxpection requirements arc reduced. Less inspection is needed whon NC is used be- 
cause parts produced from the same NC part program are virtually identical. Once 
the program has been verified. there is no need for the high level of sampling in- 
spection that is required when parts are produced by conventional manual methods. 
fc'xcept for tool wear and equipment malfunctions, NC produces exact replicates of 
the part each cyclc. 

• Møre-tomplex part geometries are possible. NC technology has extended the range of 
possihle part geometries beyond whut is practical with manual machining methods. 
This is an advantage in product design in several ways: (1) More funetional features 
can be designed into a single part. thus reducing the total number of parts in the prod- 
uct and the associated cost of assembly; (2) mathematically defined surfaces can be 
fabricaled with high precision; and (3) the spaee is expanded within which the de- 
signer's imagination can wander to create new part and product geometries. 

• Engineering change* can be aecommodated more gracefiilly. Instead of making al¬ 
terations in a complex fixture so that the part can be machined to the engineering 
change. revisions are made in the NC part program to accomplish the change. 

• Simpltr fixmres are needed. NC requires simpler fixtures because accurate position- 
ing of the tool is accomplished by the NC machine tool. Tool positioning does not 
have to be designed into the jig. 

• Skorter manufacturing lead times. Jobs can be set up more quickly and fewer setups 
arc required per part when NC is used.This results in shorter elapsed time between 
order relcase and completion. 

• Reduced parts inventory. Because fewer setups are required and job changeovers are 
easier and faster. NC permils production of parts in smaller lot sizes.The economic 
lot Size is lower in NC than in conventional batch production. Average parts inven¬ 
tory Ls therefore reduced. 

• Lcss floorspace required.This results from the faet that fewer NC machines are re¬ 
quired lo perform the same amount of work compared to the number of conven- 
lional machine tools needed. Reduced parts inventory also contributes to lower floor 
space requirements. 

• Operator skill-level requirements are reduced. The skili requirements for operating an 
NC machine arc generally less than those required to operate a conventional ma¬ 
chine tool.Tcnding an NC machine tool usually consists only of loading and unload- 
ing parts and periodically changing tools.The machining cycle is carried out under 
program Control. Performing a comparable machining cycle on a conventional ma¬ 
chine requires mueh more participation by the operator, and a higher level of train- 
ing and skiil are needed. 

Disadvantages of NC. On the opposing side, there are certain commitments to 
NC technology Ihat must be made by the machine shop that installs NC equipuieul; and 
these commitments. most of which involve additional cost to the company, might be seen 
as disadvantages. The disadvantages of NC indude the following: 
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Higher investment cosi. An NC machine tool has a higher firsi cosl Ihan a compara- 
ble conventional machinc lool.There are scveral reasons why. (1) NC' mach i nes in- 
clude CNC Controls and electronics hardware: (2) software development costs of the 
CNC Controls manufacturcr must be inc.uded in Ihe cost of the machinc: (3) more- 
reliable mechanical components are generally used in NC machinesiand (4) NC ma¬ 
chine Uiolsoflen possess addiiional features nol included on convenlkiual inachines. 
such asautomatic tool changers and part changers (Section 14.3.3). 

Higher mam’enance effort. In general,NC equipment requircs a higher level of main- 
tenance ihan conventional equipment requires, which translates to higher mainte- 
nancc and repair costs.This is due largely to the computer and other electronics that 
are included in a modem NC system. The maintcnance staff must include personnel 
who are trained in maintaining and repairing this type of equipment. 

Part programming. NC equipment must be programmed.To be fair. it shoukl bc men- 
tioned that process planning must l>e accomplished for any part. whether or not it is 
produced on NC equipment. However. NC part programming is a special preparation 
step in batch production thal is absent in convcntional machine shop operations. 
Higher titUization of NC equipment To maximize the cconomic benctils of an NC 
machine tool. it usually must bc operated multiple shifts. This might meati adding 
one oi two extra shiris to the platifs normal operations, with the requiremeni for su¬ 
pervision and other staff support. 


6.5 NC PART PROGRAMMING 

NC part programming consists of planning and doeumenting the sequcnce of processing 
steps to be performed on an NC machine. The part programmer must have a knowledge 
of machining (or other processing technology for which ihc NC machine is designed) as well 
as geometry and trigonometry.The doeumentation portion of pan programming involves 
the input medium used to transmit the program of inslructions to the NC machine control 
unit (MCU).The traditional input medium dating back to the first NC. machines in the 
1950s is l-inch wide punched tape. More recently. the use of magnetic tape and floppy disks 
have been growing in popularity as storage tcchnologics for NC. The. att vant age of these 
input media is their mueh higher data density. 

Part programming can be accomplished using a variety of procedures ranging from 
highly manual to highly automated methods.The methods are: (1) manual part program¬ 
ming, (2) computer-assistcd part programming. (3) part programming using C’AD/CAM, 
and (4) manual data input. These part programming techniques are described in this sec¬ 
tion. Let us begin our presentation by explaining the NC coding system used to convcy the 
part program to the machinc tool. 

6.5.1 NC Coding System 

The program of inslructions is communicated to the machine tool using a coding system 
based on binary numbers-This NC coding system is the low-level machine language that 
can be understood by the MCU. When higher level languages are used. sucb as APT (Sec¬ 
tion 6.5.4), tlie statements in the program are converted to this basic code. In the present 
section, we discuss how instructions are written in this NC code to control the relative po¬ 
sitions of the tool and workpiecc and to accomplish the other funetions of the machine tool. 
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Binary Numbers and the Binary Coded Decimal System. In the binary number 
system,each digitcan take on either of two values, 0 or l.The meaning of consecutive dig- 
its in the binary system is based on the number 2 raised to successive powere. Starting from 
the right, the first digit is 2° I which equals l),the second digit is 2' (which equals2),the third 
is2 3 (which equals 4),the fourth is 2 3 (which equals 8). and soforth.The two numbers,0 
or 1, in successive digit jxisiiiuns, indicale the presence or absence of the value. For exam- 
ple, the binary number 0101 is equal to the decimal number 5. The conversion from bina¬ 
ry to decimal operates as follows: 

(0x2 i ) + (ix 2 J ) + (0 x 2') + (1 x 2°) = (0 x 8) + (1 x 4) + (0 X 2) + (1 x 1) 
-4+1=5 

Conversion of the 10 digits in the decimal number system into binary numbers is shown 
in Table 6.6. Fbur binary digits are required to represent the ten single-digit numbers 
in decimal. Of course, the numerical data required in NC includes large decimal values; 
for example, the coordinate position x = 1250 mm. To encode the decimal value 1250 
in the binary number system requires a total of 11 digits: 10011100010. Another prob¬ 
lem with the binary number system is Ihc coding of decimal fractions, for example, 
feed = 0.085 mtn/rev. 

To deal with thesc problems in NC, a combination of the binary and decimal number 
systems has been adopted, called the binary-æded decimal (BCD) system. In this coding 
scheme, each of the ten digits (0-9) in the decimal system is coded as a four-digit binary num¬ 
ber, and these binary numbers are added in sequence as in the decimal number system.For 
example, the decimal value 1250 would be coded in BCD as follows: 


Number seauence Binary number Decimal value 


First 0001 1000 

Second 0010 200 

Third 0101 50 

Fourth 0000 0 

Sum 1250 


EIA and ISO Coding Standards. Fn addition to numerical values, the NC coding 
system must also provide for alphabetical characters and other symbols. Eight binary dig¬ 
its are used to represent all of the characters required for NC part programming.There are 
two standard coding systems currently used in NC: (1) the Electronics Industry Association 
(EIA) and (2) the International Standards Organization (ISO). The Electronics Industry 
Association system is known as EIA RS-244-B. The ISO code was originally developed as 
the American Standard Code for Information Interchange (ASCII) and has been adopt¬ 
ed by ISO as its NC standard. The complete listings of EIA and ISO (ASCII) codes for NC 
are shown in Table 6.7. Many NC controllers are capable of reading either code. 


TABLE 6.6 Comparison of Binary and Decimal Numbers 


Binary 

Decimal 

Binary 

Decimal 

0000 

0 



0001 

1 

0110 


0010 

2 

0111 


0011 

3 

1000 


0100 

4 

1001 

9 
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TABLE 6.7 Standard EIAand ISO (ASCII) Codes for Numedcal Control Programming, 
Originally Designed for Punched Tape 
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Both ElA and ISO coding setternes were developed when punched tape was the pre- 
dominant medium for storing NC part programs. Although punched tape has been large- 
ty superseded by more modem media, it is still widely used in industry, if only for backup 
storage. To ensure the correctness of the punched tape. the eight binary digits in the EIA 
and ISO codes indude a parily check. Here’s how the parity check works, explained here 
for the EIA code. In the CIA system, the tape reader is iiistrucied to count an odd num- 
ber of holes across the width of the tape. Whenever the particular number or symbol being 
punched requires an even number of holes, an extra hole is punched in column 5, hena; 
making the total an odd number. Rir exampie, the decimal number 5 is coded by meansof 
holes in columns 1 and 3. Since this is an even number of holes, a paritv hole would be 
added.The decimal 7 requires an odd number of holes (in columns 1,2, and 3),sor,o par¬ 
ity hole is needed.The parity check helps to ensure that the tape punch mechanism has per- 
forated a complctc hole in -all required positions. If the tape reader counts an even number 
of holes, then a signal is issued that a parily error has occurred. 

The difference between the EIA and ISO systems is that the parity check in the ISO 
code is an even number of holes, called an even parity. The EIA system uses an odd pari¬ 
ty. Also. whereas the parity hole is In the fifth-digit position in the EIA coding system, it is 
in the eighth position in the ISO system. These differences can be seen in Table 6.7. 

How Instructions Arg Formed. A binary digit is called a bit. In punched tape, the 
values 0 or 1 are iepresented by the absence or presence of a hole in a cerium row and col¬ 
umn position (rows run across the tape: columns run lengthwise along the tape). Out of one 
row of bits a character is formed. A character is a combination of bits representing a nu- 
mericaldigit (0-9), an alphabetical letter (A-Z).or a symbol (Table 6.7). Out of a sequence 
of characters, a word is formed. A nord specifies a detail aboul the operation, such as x- 
position, y-position, feed rate, or spindle speed. Out of a collcction of words, a block is 
formed. A btock is one complete NC instruction. It specifies the destination for the move, 
the speed and feed of the cutting operation, and other commands that determine explicit- 
ly what the machine tool will do. For cxample, an instruction block for a two-axis NC milling 
machine would likely include the x- and y-coordmates to which the machine table should 
be moved, the type of motion to be performed (linear or circular interpolation), the rota¬ 
tional speed of the milling cutter, and the feed rate at which the milling operation should 
be performed. Instruction blocks are separated by an end-of-block (LOB) symbol (a hole 
in column 8 in the F.IA standard or holes in columns 2 and 4 in the ISO standard, as in 
Table 6.7). 

The essential information in a part program is conveycd to the MCU by means of 
words that specify coordinates, feeds and speeds, tooling, and other commands necessary 
to operate the machine tool. Given the variety of machine tool types and the many differ- 
ent companies that build NC machine tools and MCUs, it is no surprise that several different 
formats have been developed over the years to specify words within an instruction block. 
These are often referred to as tape formats , because they were developed for punched 
tapes. More generally, they are known as block formats. At least five block formats have 
been developed [8]; these are briefly described in Table 6.8, with two lines of code for the 
drilling sequence shown in Figure 6.12. 

The word address format with TAB separation and variable word order has been 
standardized by EIA as RS-274. Il is the block formal used on all modern controllers and 
is the format we will discuss here. It is usually referred to simply as the word address for¬ 
mat even though it has been enhaiiccd by tab separation and variable word order. Com- 
mon letter prefixes used in the word address format are defined in Table 6.9. 
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TABLE 6.8 Five Block Formats Used in NC Programming 


Block Format ITape Format) 

Example for Figure 6.12 

Fixed seQuential format. This format was used on many of the first 
commereially available NC machines. Each instruction block contains 
five words specified in nnly numerical data and in a very fixed order. 

00100070000300003 

00200070000600003 

Fixed sequential format with TAB ignored. This is the same as the fixed 
sequentiai format except that TAB codes are used to separate the 
words for easier reading by humans. 

001 00 07000 03000 03 

002 00 07000 06000 03 

Tab sequential format. This is the same as the preceding format except 
that words with the same value as in the preceding block can be 
omitted in the sequence. 

001 00 07000 03000 03 

002 00 06000 

Word address format. This format uses a letter prefix to identify the type 
of word. See Table 6.9 for definition of prefixes. Repeated words can 
be omitted. The words run togather, which manes the code difficult to 
read (for humans). 

N 001G 00X07000V03000M03 
N002Y06000 

Word address format with TAB separation and variable word order. This 
is the same format as the previous. except that words are separated 
by TABs. and the words in the block can be listed in any order. See 

Table 6.9 for definition of letter prefixes. 

N001 GOD X07000 Y03000 M03 
N002 Y06000 


Not«: Examples indicat« oomt-to-poln( moves to t«W) hol« locations in Figur« 6.12. 


Words in an instruction block are intended to convey all of the commands and data 
nceded for the machine tool to execute the move defined in the block. The words required 
For one machine tool type may differ from those required for a different type; for exam- 
ple, turning requires a different set of commands than milling.The words in a block are usu- 
ally given in the following ordeT (although the word address format allows variations in the 
order): 

• sequence number (N-word) 

■ preparatory word (G-word);see Table 6.10 for definition of G-words 

■ coordinates (X-, Y-, Z-words for linear axes, A-, B-, C-words for roUlional axes) 

• feed rate (F-word) 


t Sccond hole 
(N002) 





Figure 6.12 Example drilling sequence 
for block formats described in Table 6.8. 
Dimensions are in millimeters. 
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TABLE 6.9 Commort Word Prefixes Used in Word Address Format 


Word 

Prefix Example Function 


N 


N01 


Sequence number; identifies biock of instruction. From one to four digits can 


G G21 

X, V, Z X75.0 

U, W U25.0 

A, B, C A90.0 

R R 100.0 

I, J, K 132 J67 

F G94 F40 

S S0800 

T T14 

D D05 

P P05 RI5.0 

M M03 


Preparatory word; prepares controller for instructions given in the biock. See 
Table 6.10. There may be more than one G-word in a biock. (Example specifies 
that numerical values are in millimeters.) 

Coordinate data for three linear axes. Can be specified in either inches or 
millimeters. (Example defines x-axis value as 75 mm.) 

Coordinate data for incremental moves in turning in the x- and z-directions, 
respectively. (Example specifies an incremental move of 25 mm in the x- 
direction.) 

Coordinate data for three rotational axes. A is the rotational axis about x-axis; 
8 rotates about y-axis; and C rotates about z-axis. Specified in degrees of 
rotation. (Example defines 90° of rotation about x-axis.) 

Radius of arc; used in circular interpolation. (Example defines radius = 100 mm 
for circular interpolation.) The R-code can also be used to enter cutter radius 
data for defining the tool path offset distance from the part edge. 

Coordinate values of arc center, corresponding to x-, y-, and z-axes, 
respectively; used in circular interpolation. (Example defines center of arc for 
circular interpolation to be at x= 32 mm and y ■= 67 mm.) 

Feed rate per minute or per revolution in either inches or millimeters, as 
specified by G-words in Table 6.10. (Example specifies feed rate *= 40 mm/min 
in milling or drilling operation.) 

Spindle rotation speed in revolutions per minute, expressed in four digits. For 
some machines. spindle rotation speed is expressed as a percentage of 
maximum speed available on machine, expressed in two digits. 

Tool selection, u3ed for machine tools with automatic tool changers or tool 
turrets. (Example specifies that the cutting tool to be used in the present 
instruction biock is in position 14 in the tool drum.) 

Tool diameter word used in contouring moves for offsetting the tool from the 
workpart by a distance stored in the indicated register, usually the distance is 
the cutter radius. (Example indicates that tha radius offsot distance is stored in 
offset register number 05 in the controller.) 

Used to store cutter radius data in offset register number 05. (Example 
indicates that a cutter radius value of 15.0 mm is to be stored in offset 
register 05. 

Miscellaneous command. See Table 6.11. (Example commandsthe machine to 
start spindle rotation in clockwise direction.) 

Dies are specified in millimeters 


• spindle speed (S-word) 

• tool selection (T-word) 

• miscellaneous command (M-word); see Table 6.11 for definition of M-words 

• end-of-block (EOB symbol) 

G-words and M-words require some elaboration. G-words are called preparatory words. 
They consist of two numerical digits (following the “G” prefix in the word address for- 
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mat) that prepare the MCU for the instructions and data contained in the block. For ex- 
ample, <302 prepares the controller for clockwise circular interpolation, so that the subse- 
quent data in the block can be properly interpreted for this type of move. In some cases, 
more than one G-word is needed to prepare the MCU for the move. Most of the common 
G-words are presented inThble 6.10.While G-words have been standardized in the machine 
tool industry, ihcrc arc sometimes deviations for particular machincs. For instancc, there 
are several differences between milling and turning type machines; these are identified in 
Table 6.10. 


TABLE 6.10 Common G-words (Preparatory Word) 

G-word Fonetion 

G00 Point-to-point mcvement (rapid traverse) between prevbus point and endpoint defined in 

current block. Block must include x-y-z coordinates of end position. 

G01 Linear interpolation movement. Block must include x-y-z coordinates of end position. Feed 

rate must aiso be specified. 

G02 Circular interpolation, clockwise. Block must include either arc radius or arc center; 

coordinates of end position must also be specified. 

G03 Circular interpolation, counterclockwise. Block must include either arc radius or arc center; 

coordinates of end position must also be specified. 

G04 Dwell for a specified time. 

G10 Input of cutter offset data, followed by a P-code and an R-code. 

G17 Selection of x-y plane in milling. 

G18 Selection of x-z plane in milling. 

G19 Selection of y-z p'ane in milling. 

G20 Input values specified in inches. 

G21 Input values specified in millimeters. 

G28 Return to reference point. 

G32 Thraad cutting in turning. 

G40 Cancel offset compensation for cutter radius (nose radius in turning). 

G41 Cutter offset compensation, lefl of part surface. Cutter radius (nose radius in turning) must 

be specified in block. 

G42 Cutter offset compensation, right of part surface. Cutter radius (nose radius in turning) must 

be specified in block. 

G50 Specify location of coordinate axis system origin relative to starting location of cutting tool. 

Used in some lathes. Milling and drilling machines use G92. 

G90 Program ming i n absol ute coordinates. 

G91 Programming in ineremental coordinates. 

G92 Specify location of coordinate axis system origin relative to starting location of cutting tool. 

Used in milling and drilling machines and some lathes. Other lathes use G50. 

G94 Specify feed per minute in milling and drilling. 

G95 Specify feed per revolution in milling and drilling. 

G98 Specify feed per minute in turning. 

G99 Specify feed per revolution in turning. 
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TABLE 6.11 Common M-words Used in Word Address Format __ 

M-word Function _ 

M00 Program stop; used in middle of program. Operator must restart machine. 

M01 Optional program stop; active only wfen optional stop button on Control panel has been 

depressed. 

M02 End of program. Machine stop. 

M03 Start spindle in clockwise direction for milling machine (forward for turning machine). 

M04 Start spindle in counterelockwise direction for milling machine (reverse for turning machine). 

M05 Spindle stop. 

M06 Execute tool change, either manually or automatically. If manually, operator must restart 

machine. Does not include selection of tool, which is done by T-word if automatic, by 
operator if manual. 

M07 Turn cutting fluid on flood. 

M08 Turn cutting fluid on mist. 

M09 Turn cutting fluid off. 

M10 Automatic damping of fixture, machine slides, etc. 

Ml 1 Automatic unclampirtg. 

M13 Start spindle in clockwise direction for milling machine (forward for turning machine) and 

turn on cutting fluid. 

M14 Start spindle in counterelockwise direction for milling machine (reverse for turning machine) 

and turn on cutting fluid. 

M17 Spindle and cutting fluid off. 

M19 Turn spindle off at oriented position. 

M30 End of program. Machine stop. Rewind tape (on tape-controlied machines). 


M-words are used to specify misccllaneous or auxiliary funetions thal are available 
on the machine tool. Examples include starting the spindle rotation, stopping the spindle 
for a tool change, and luming the cutting fluid on or off. Of course. the particular machine 
tool must possess the function that is being called. Many of the common M-words are ex- 
plained in Table 6.11. Miscellaneous commands are normally placed at the end of the block. 


6.5.2 Manual Part Programming 

Tn manual part programming, the programmer piepares the NC code using the low-level 
machine language previously described.The program is either written by hånd on a form 
from which a punched tape or other storage media is subsequently coded, or it is entered 
direetly into a computer equipped with NC part programming software, which writes the 
program onto the storage media. In any case. the part program is a block-by-block listing 
of the machining instructions for the given job, formatted for the particular machine tool 
to be used. 

Manual part progranutiiug can be used for both point-to-point and contouring jobs. 
It is most suited for point-to-point machining operations such as driiling. It can also be 
used for simple contouring jobs, such as milling and turning when only two axes are in- 
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volved. However. for complex three-dimensional machining operations, there is an ad- 
vantage in using computcr-assisted part programming. 

Instructions in WordAddress Format. Inslructions in word address format con- 
sist of a series of words, each identified by a prefix label. In our coverage, statements are 
illustrated with dimensions given in millimeters. The val ues are expressed in four digits in- 
cluding one decimal place. For example. X020.0 means x = 20.0 mm.lt should be noted that 
many CNC machincs usc formats that differ from ours, and so the instruction manual for 
each particular machine tool must be consulted to determine its own proper format. Our 
format is designed lo convev principlcs and for easy reading. 

In preparing ihe NC part program, the part programmer musi initially definc the ori- 
gin of the coordinatc axes and then reference the succeeding motion commands to this 
axis system. This is accomplished in the first statement of the part program.The direclions 
of the .t-,y-, and/or z-axes are predetermined by the machine tool configuration, but the 
origin of the coordinate system can be located at any desired position. The part program¬ 
mer defines this position relative to some part feature that can be readily recognizcd by the 
machine operator. The operator is instructed to move the tooi to this position at the be¬ 
ginning of the job. With ihe tool in position, the G92 code is used by the programmer to de- 
fine the origin as follows: 


G92 X0 Y-050.0 Z010.0 

where the x. y, and z values specify the coordinates of the tool location in the coordinate 
system; in effeet, this defines ihe location nf the origin. In some CNC lathes and turning cen¬ 
ters, the code G50 is used instead of G92. Our x. y. and z values are specificd in millime¬ 
ters, and this would have to be explicitly stated. Thus, a more-complete instruction block 
would be the following: 


G21G92 X0 Y-050.0 ZOIC.O 

where the G21 code indicates that the subsequent coordinate values are in millimelers. 
Motions are programmed by the codes G00, GDI. G02, and G03. G00 is used for a point- 
lo-point rapid traverse movement of ihe tool to the coordinates spteified in the commanj; 
for example, 


GOO X050.0 Y086.5 Z100.0 

specifies a rapid traverse motion from the current location to the location defined by the 
coordinates r = 50.0 mm, y - 86.5 mm. and z — 100.0 mm. This command would be ap- 
propriate for NC drilling machines in which a rapid move is desired to the next hole loca¬ 
tion. with no specification on the tool path.The velocity with which the move is achieved 
in rapid traverse mode is set by parameters in the MCU and is not specificd numerically 
in the instruction block. The G00 code is not mtended for contouring operations. 

Linear interpolation is accomplished by the G01 code. This is used when it is desired 
for the tool toexecute a contour culting operation atong a straight line path. For example. 
the command 


G01 G94 X050.0 Y086.5 ZIOO.O F40 S80U 
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specifies that the tool is to move in a straight line from its current position to the location 
defined by x = 50.0 mm, y - 86.5 mm, and z = 100.0 mm, at a feed rate of 40 mm/min and 
spindle speed of 800 rev/min. 

The G02 and G03 codes are used for circular interpolation, clockwise and counter- 
clockwise, respectively. As indicated in 'Fable 6.1, circular interpolation on a milling ma- 
chine is limited to one of three planes, x-y,x-z, or y-z The distinction between clockwise 
and countcrclockwise is established by viewing the plane from the front view. Selection of 
the desired plane is accomplished by entering one of the codes, G17, G18, or G19, respec¬ 
tively. Thus, the instruction 

G02 G17 X088.0 Y040.0 R028.0 F30 

moves the tool along a clockwise circular trajectory in the x-y plane to the final coordinates 
defined by x = 88 mm and y = 40 mm at a feed rate of 30 mm/min. The radius of the cir¬ 
cular arc is 28 mm. The path taken by the cutter from an assumed starting point (jr = 40, 
y = 60) is illustrated in Figure 6.13. 

In a point-to-point motion statement (G00), it is usually desirable to position the tool 
so that its center is located at the spccified coordinates. This is appropriate foT operations 
such as drillmg, in which a hole is to be positioned at the coordinates indicated in the state¬ 
ment. But in contouring motions, it is olmost aJways desirable that the path followed by the 
center of the tool be separated from the actual surface of the part by a distance equal to 
the cutter radius.This is shown in Figure 6.14 for profile milling the outside edges of a rec- 
tangular part in two dimensions. For a three-dimensional surface, the shape of the end of 
the cutter would also have to be considered in the offset computation.This tool path com- 
pensation is called the cutter offset, and the calculation of the correct coordinates of the end- 
points of each move can be time consuming and tedious for the part programmer. Modern 
CNC machine tool controllers perform these cutter offset calculations automatically when 
the programmer uses the G40, G4I, and G42 codes. The G40 code is used to cancel the cut¬ 
ter offset compensation.The G41 and G42 codes invoke the cutter offset compensation of 
the tool path on the left- or right-hand side of the part, respectively. The left- and right-hand 
sides are defined according to the tool path direction.To illustrate, in the rectangular part 



ligure 6.13 Tool path in circular interpolation for the statement: 
G02 G17 XO88.0 Y040.0 R028.0. Units are millimeters. 
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Figur« 6.14 Cutter offset fora simple reolangularpart-Tlic tool path 
is separated from the part perimeter by a distance equal to the cut¬ 
ter radius. To invoke cutter offset compensation, the G41 code is 
used to follow the clockwise path, which keeps the tool on the left- 
hand side of the part. G42 is used to fdlow the counterclockwise 
path, which keeps the tool on the right-hand side of the part. 

in Figure 6.14, a clockwise tool path around the pari would always position the tool on the 
left-hand side of the edge being cut. so a G41 code would be used to compute the cutter 
offset compensation. By contrast, a counterclockwise tool path would keep the tool on the 
right-hand side of the part, so G42 would be used. Accordingly, the instruction for profile 
milling the bottom edge of the part, assuming that the cutter begjns along the bottom left 
comer, would read: 


G42 G01 XI 00.0 Y040.0 D05 

where D05 refers to the cutter radius value stored in MCU memory. Certain registers are 
reserved in the Control unit for these cutter offset values.The D-code references the value 
contained in the identified register. D05 indicates that the radius offset distance is stored 
in the number 5 offset register in the controller. This data can be entered into the con¬ 
troller in either of two ways: (1) as manual input or (2) as an instruction in the part program. 
Manual input is more flexible because the tooling used to machine the part may change 
from one setup to the next. At the time the job is run, the operator knows which tool will 
be used, and the data can be loaded into the proper register as one of the steps in the setup. 
When the offset data is entered as a part program instruction, the statement has the form: 

G10 P05 R10.0 

where GIO is a preparatory word indicating that cutter offset data will be entered; P05 in¬ 
dicates that the data will be entered into offset register number 05; and R10.0 is the radius 
value, here 10.0 mm. 

Some Part Programming Examples. To demonstrate manual part programming, 
we present two examples using the sample part shown in Figure 6.15.The first example is 
a point-io-point program to drill the three holes in the part. The second example is a two- 
axis contouring program to accomplish profile milling around the periphery of the part. 
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Figure 6.15 Sample part lo illustrate NC part programming. Di¬ 
mensions are in millimeters. General tolerance = ±0.1 mm. Work 
material is a machinable grade of aluminum. 


EXAMPLE 6.1 Point-to-Point Drilling 

This example presents the NC part program in word address format for drilling 
the three holes in the sample part shown in Figure 6.15. We assume that the 
outside edges of the starting workpart have been rough cut (by jig sawing) and 
are sbghtly oversized forsubsequent profile milling.The three holes to be drilled 
in lhij example will bc used to locatc and fixture the part for profile milling in 
the following example. For the present drilling sequence, the part is gripped in 
place so that its top surface is 40 mm above the surface of the machine tool 
table to provide ampie dearance beneatb the part for hole drilling, We will de- 
fine the x-, y-, and z-axes as shown in Figure 6.16. A 7.0-mm diameter drill,cor- 
responding to the specified hole size. has been chucked in the CNC drill press. 
The drill will be operated at a feed of 0.05 mm/rev and a spindle speed of 
1000 rev/min (corresponding to a surface speed of about 0.37 m/sec, which is 
slow for the aluminum work material). At the beginning of the job. the drill 
point will be positioned at a target point located at x = 0,y = -50, and z = +10 
(axis units are millimeteis).The program begins with the tool positioned at this 
target point. 


NC Part Program Code 

N001 G21 G90 G92 X0 Y-050.0 Z010.0; 
N002 G00 X070.0 Y030.0; 

N003 G01 G95 Z-15.0 F0.05 S1000 M03; 
N004 G01 Z010.0; 

N005 G00 Y060.0; 

N006 G01 G95 2-15.0 F0.Q5; 

N007 G01 Z010.0; 


Comments 

Define origin of axes. 

Rapid move to first hole location. 
Drill first hole. 

Retract drill from hole. 

Rapid move to second hole location. 
Drill second hole. 

Retract drill from hole. 
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Figure 6.16 Sample part aligned relative to (a) x- and y-axes, and 
(b) z-axis. Coordinates are given for significant part features in (a). 


N008 G00 X120.0 Y030.0: 
N(XW G01 G95 Z-15.0 F0.05; 
N010 G01 Z010.0: 

N011 GOO XO Y-050.0 MOS: 
N0I2M30: 


Rapid move to third hole location. 
Drill third hole. 

Retract drill from hole. 

Rapid move to targct point. 

End of program, stop machine. 


EXAMPLE 6.2 Two-Axis Milling 

The three holes drillcd in the previous example can be osed for locating and 
holding the workpart to completely mili the outside edges without re-fixturing. 
The axis coordinates are shown in Figure 6.16 (same coordinates as in the pre¬ 
vious drilling sequence). The part is fixtured so that its top surface is 40 mm 
above the surface of the machine tool table. Thus, the ortgin of the axis system 
will be 4(1 mm above the table surface. A 20-mm diameter end mili with four 
teeth will bc uscd.The cutter has a side tooth engagement length of 40 mm. 
Throughout the machining sequence, the bottom tip of the cutter will be posi¬ 
tioned 25 mm below the part top surface. which corresponds to z — —25 mm. 
Since the part is 10 mm thick, this z-position will allow the side cutting edges of 
the milling cutter to cut the full thickness of the part during profile milling.The 
cutter will be operaled at a spindle speed = 1000 rev/min (which corresponds 
to a surface speed of about 2.0 m/sec) and a feed rate = 50 mm/min (which cor¬ 
responds to 0.20 mm/tooth). The tool path to be followed by the cutter is shown 
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Figure 6.17 Cutter path for profile milling outside perimeter of sam¬ 
ple part. 

in Figure 6.17, with numbering that corresponds to the sequence number in the 
program. Cutter diameter data has been manually entered into offset register 
05. At the beginning of the job, the cutter will be positioned so that its center 
tip is at a target point located at x = 0, y - -50, and z = +10. The program 
begins with the too! positioned at this location. 


NC Part Program Code 

N001G21 G 90 G92 XO Y-050.0 Z010.0; 
N002 G00 Z-025.0 S1000 M03; 

N003 G01 G 94 G42 Y0 D05 F40; 

N004 G01 X160.0; 

N005 G01 Y060.0; 

N006 G17 G03 X130.0 Y090.0 R030.0; 
N007 G01 X035.0; 

N008 G01 XO YO; 

N009 G40 G00 X-040.0 M05; 

M)10 GOO X0 Y-0500; 

N011M3O; 


Comments 

Define origin of axes. 

Rapid to cutter depth, tum spindle on. 
Engage part, start cutter offset. 

Mili iower part edge. 

Miil right straight cdgc. 

Circular interpolation around arc. 
Miil upper part edge. 

Mili left part edge. 

Rapid exit from part. cancel offset. 
Rapid move to target point. 

End of program, stop machine. 


6.5.3 Computer-Assisted Part Programming 

Manual part programming can be time consuming, tedious, and subject to errors for parts 
possessing complex geometries or requiring many machining operations. In these cases, and 
even for simpler jobs, it is advantageous to use computer-assisted part programming. A num- 
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ber of NC part programming language systems have been developed to accomplish roany 
of the calculations that the programmer would otherwise have to do.This saves time and re¬ 
sults in a more-accurate and efficient part program. In computer-assisted part program¬ 
ming, the various lasks aTe divided between the human part programmer and the computer. 

In computer-assisted part programming, the machining instructions are written in 
English-like statement« that are subsequentty translated by the computer into the low- 
level machine code that can be interpreted and executed by the machine tool controller. 
When using one of the part programming languages. the two main tasks of the program¬ 
mer are: (1) deflning the geometry of the workpart and (2) specifying the tool path and op¬ 
eration sequence. 

Defining the Part Geometry. No matter how complicated the workpart may ap- 
pear, it is composed of bask geometric elements and matheir.atically defined surfaccs. Con- 
sider our sample part in Figure 6.18. Although its appearance is somewhat irregular.the 
outline of the part consists of intersecting straight lines and a partial circle.The hole loca¬ 
tions in the part can be defined in terms of the x- and y-coordinates of their centers. Near- 
ly any component that can be conceived by a designer can be described by points, straight 
lines, planes, circles, cylinders, and other mathematically defined surfaces. It is the part pro- 
grammer’s task to identify and enumerate the geometric elements of which the part is com- 
prised. fiaeh element must be defined in terms of its dimensions and location relative to 
other elements. A fcw examples will be instructive here to show how geometric elements 
arc defined. We will use our sample part to illustrate, with labels of geometry elements 
added as shown in Figure 6.18. 

Let us begin with the simplest geometric element, a point. The simplest way to deline 
a point is by means of its coordinates; for example, 

P4 = POINT/35,90,0 

where the point is identified by a symbol (P4), and its coordinates are given in the order 
x, y, z in millimeters (x = 35 mm, y - 90 mm, and z = 0). A line can be defined by two 
points, as in the following: 

LI = LINE/PI, P2 


P4 LJ 



« LI P2 . X 

Figure 6.18 Sample part with geometry elements (points, lines, and 
circle) labeled for computer-assisted part programming. 
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where LI is the line defined in the statement, and PI and P2 are two previously defined 
points. And finallv, a circle can be defined by its center location and radius: 

Cl = Cl RCLE/CENTER.P8, RADIUS. 30 

where Cl is the ncwly defined circle. with center at previouslj defined point P8 and ra¬ 
dius = 30 mm. Our examples are based on the APT language, which offers many alterna¬ 
tive ways to defme points, lines, circles, and other geometric elements. The APT language 
is described in Scction 6.5.4, and a listing of APT word definitions is provided in the Ap- 
pendix to this chaptcr. 

Spedfying Tool Path and Operation Sequence. After the part geometry has 
becn defined, the part programmer must next specify the tool path that the cutter will fol- 
low to machine the part.The tool path consists of a sequence of connected line and arc seg¬ 
ments, using the previously defined geometry elements to guide the cutter. For example, 
suppose we are machining the outline of our sample part in Figure 6.18 in a profile milling 
operation (conlouring). We have just finished cutting along surface LI in a counterclock- 
wise direction around the part, and the tool is presently located at the intersection of sur- 
faces LI and L2.The following APT statement could be used to command the too) to make 
a lefl lurn from Li oiilo 12 and to cut along 12: 

GOLFT/L2.TANTO, Cl 

The tool proceeds along surface L2 until it is tangent to (TANTO) circle Cl.This is 
a continuous path motion command. Pbint-to-point commands tend to be simpler; for ex¬ 
ample, the following statement directs the tool to go to a previously defined point P0: 

GOTO/PO 

A variety of contouring and point-to-point motion commands are available in the 
APT language. 

Other Functions. In addition to defining part geometry and specifying tool path, 
the programmer must also accomplish various other programming functions, such as: 

• naming the program 

• identifying the machine tool on which the job will be performed 

• specifying cutting speeds and feed rates 

• designating the cutter size (cutter radius, tool length, etc.) 

• specifying tolerances in circular interpolation 

Computer Tasks in Computer-Assisted Part Programming. The computer’s 
role in computer-assisted part programming consists of the following tasks, performed 
more or less in the sequence noted: (1) input translation, (2) arithmetic and cutter offset 
computations. (3) editing, and (4) postprocessing. The first three tasks are carried out under 
the supervision of the language processing program. For example, the APT language uses 
a processor designed to interpret and process the words, symbols, and numbers written in 
APT. Other languages require their own processors. The fourth task, postprocessing, re- 
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Figure 6.19 Tasks in computer-assisted part programming. 


quires a separate computer program The scquence and relationship of the tasks of the 
part programmer and the computer are portrayed in Figure 6.19. 

The part programmer enters the program using APT or some other high-level part 
programming language.The input translation module converts the codect instructions con- 
tained in the program into computer-usable form. preparatory to further processing. In 
APT, input translation accomplishes the following tasks: (1) syntax check of the input code 
to identify errors in format,punetuation. spelling, and statement scquence; |2) assignmg a 
sequence number lo each APT statement in the program; (3) converting geometry ele¬ 
ments into a suitable form for computer processing; and (4) generating an inlermediate 
file called PROFIL that is utilized in subscquent arithmetic calculations. 

The arithmetic module consists of a set of subroutines to perform the mathematica! 
computations required to detlne the part surface and generate the tool path. including com- 
pensation for cutter offset. The individual subroutines are called by the various statements 
used in the part programming language. The arithmetic computations are performed on the 
PROFIL file. The arithmetic module frees the programmer front the time-consuming and 
error-prone geometry and trigonometry calculations to concentrate on issues related to 
workpart processing. The output of this module is a file called CLFILE, which stands for 
“cutter location file.’’As its name suggests, this file consists mainly of tool path data. 

Inedr/ing.lhc CLFILE is edited.and a new file is generated called CLDATA. When 
printed, CLDATA provides readable data on cutter locations and machine tool operating 
commands. The machine tool commands can bc converted to specific instructions during 
postprocessing. Some of the editing of CLFILE involves processing of special funetions 
associated wiih the part programming language. For examplc, in APT. one of the special 
funetions is a COPY command. which provides for copying a tool path sequence that has 
been generated in ihe preceding computations and translating the sequence to a new lo¬ 
cation. Another APT instruction processed in the editing phase is TRACUT. which stands 
for ‘‘transform cutter locations.” This instruction allows a tool path sequence to be trans¬ 
formed from one coordinate system to another, based on matrix manipulation. Other edit¬ 
ing funetions are concemed with constructing tool paths for machines having rotationai 
axes, such as four- and five-axis machining centers. The output of the editing phase is a 
part program in a format that can bc postprocessed for the given machine tool on which 
the job will be accomplished. 

NC machine tool systems are different. They have different features and capabiii- 
ties. High-level pari programming languages, such as APT, are generally not intended for 
only one machine tool type. They are designed to be general purpose. Accordingly, the 
final task of the computer in computer-assisted part programming is postprocessing, in 
which the cutter location data and machtning commands in the CLDATA fiie arc con¬ 
verted into low-level code that can be interpreted by the NC controller for a spccific ma¬ 
chine tool. The output of postprocessing is a part program consisting of G-codes, x-, y-. 
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and z-coordinates. S, F, M. and other functions in word address format. The postprocessor 
is separate from the high-level part programming language. A unique posiprocessor must 
be writtenfor each machine tool system. 

6.5.4 Part Programming with APT 

In this section, we present some of the basic principles and vocabulary of the APT lan¬ 
guage. APT is an acronym that stands for Automatically Programmed Tooling. lt is a three- 
dimensional NC part programming system that was developed in the late 1950s and early 
60s (Historical Note 6.3). Today it remains an important and widely used language in the 
United States and around the world. APT is also important because many of the concepts 
incorporated into it formed the basis for other subsequently developed languages. APT was 
originally inlended as a contouring language, but modern versions can be used lor both 
point-to-point and contouring operations in up to five axes. Our discussion will be limited 
to the three linear axes,*, y, and z- APT can be used for a variety of inachining operations. 
Our coverage will concentrate on drilling (point-to-point) and milling (contouring) oper- 
ations.There are more than 500 words in the APT vocabulary. Only a small (but important) 
fraction of the total lexicon will be covered here.The Appendix to this chapter lists some 
of these important APT words. 


Historical Note 6.3 APT: Automatically Programmed Tool 
[2], [16], [18). 

The reader must rcmember that the work described in this historical note was starled in the 
1950s. a time when digital computer technology was in its infancy, and so wcre the associated 
computer programming languages and methods The APT project was a pioneering effort, nol 
only in the development of NC technology, but also in computer programming concepts, com¬ 
puter graphics, and computer-aided design (CAD). 

It was recognized early in the NC development research at MIT that part programming 
would be a time-consumingtask in the application of the new technology, and that there were 
opportunities to reduce the programming time by delegating portions of the task to a gener- 
al-purpose computer. In June 1951, even before thefirst experimcntal NC machine was oper¬ 
ating, a study was undertaken lo explore how the digital computer might be used as a 
programming aid. The result of this study was a recommendation that a set of computer pro¬ 
grams be developed to perform the mathematical compuiations that otherwise would have to 
be accomplished by the part programmer. In hindsight, the drawback of this approach was 
that, whiie it automated certain steps in the part programming task, the basic manual pro¬ 
gramming procedure was preserved. 

The significant breakthrough in computer-assisted part programming was the develop- 
ment of the automatically programmed tool system (APT) during the years 1956-1959. It was 
the brainchild of matbematician Douglas Ross, who worked in the MIT Servomechanisms Lab 
at the time. Ross envisioned a part programming system in which (1) the user would prepare 
instructions for operating the machine tool using English-like words, (2) the digital computer 
would translate these instructions into a language that the computer could understand and 
process, (3) the computer would carry out the arithmetic and geometric calculations needed 
to execute the instructions. and (4) the computer would further process (postprocess) the in¬ 
structions so thai they could be interpreted by the machine tool controller. He further recog¬ 
nized that the programming system should be expandable for applications beyond those 
considered in the immediate research (milling applications). The acronym “APT” was coined 
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in December 1956 »hile Ross was preparing the first of many interim reports to the project 
sponsor, the U.S. Air Force. 

Around this time, the Aircraft Industries Association (Al A, renamed the Aerospace In¬ 
dustries Association in 1959) was attempting to dea) with NC part programming issues through 
its Subcommittee on Numerical Control (SNC). Ross was invited to attend a meeting of the 
SNC in January 1957 to present his views on computer-assisted part programming. The result 
of this meeting was that Ross's work at MIT was established as a focal point for NC pro- 
graniming within the AIA. A project was initiated in April 1957 to develop a two-dimension- 
al version of API) with nine aircraft companies plus IBM Corporation participating in the 
joint elfort and MIT as project coordinator.The 2D-APT system was ready for field evalua- 
tion at plants of participating companies in April 1958. Testing, debugging, and refining the 
programming system took approximalely three years,during which time the AIA assumed re- 
sponsibiiity for further APT development. In 1961, the Illinois Institule of Technology Re¬ 
search Institut« (UTRI) was selected by the AIA to become the agency responsible for 
long-range maintenance and upgrading of APT. In 1962, UTRI announced completion of APT- 
III. a commcrcial version ol APT for threc-dimensional part programming. In 1974, APT was 
accepted as the U.S. standard for programming NC metal cutting machine toals. In 1978.it was 
accepted by the ISO as the international standard. 

One of the initial problems with APT when ic was released in the early I960s was that a 
very large compulcr was required (o execute it. thereby limiting the number of companies that 
could use it. Several part programming languages based direetly on APT were developed to ad- 
dress this problem. Two of the more important APT-based languages were ADAPT and 
EXAPT. ADAPT (ADaptation of APT) was developed by IBM under Air Force contract to 
include many of the features of APT but required a mueh smaller computer. ADAPT can be 
used for both point-to-point and contouring jobs. EXAPT (EXtended subset of APT) was an- 
olher NC part programming language based or APT. EXAPT was developed in Germany 
around 1964 in three versions. (1) EXAPT I was designed for point-to-point applications, such 
as drilling and straight milling; (2) EXAPT II was developed for turning operations; and 
(3) EXAPT III was capable of limiled contouring for milling. 


APT is not only a language; it is also the computei program that processes the APT 
statements to calculate the corresponding cutter positions and generate the machine tool 
Control commands.To program in APT. the part geometry must first be defined.Then the 
tool is directed to various point locations and along surfaces of the workpart to accom- 
plish the required machining operations. The viewpoint of the programmer is that the 
workpiece remains stationary, and the tool is instructed to move relative to the part. To 
complete the program, speeds and feeds must be specified, tools must be called, tolerances 
must be given for circular interpolation, and so forth. Thus, there are four baste types of 
statements in the APT language; 


1. Geometry statements, also called definition statements, are used to define the geome¬ 
try elements that comprise the part. 

2. Motion commands are used to specify the tool path. 

3. Postprocessor statements Control the machine tool operation, for example, to specify 
speeds and feeds, set tolerance values for circular interpolation, and actuate other 
capabiiities of the machine tool. 

4. Auxiliary statements, a group of miscellaneous statements used to name the part pro¬ 
gram. insert comments in the program and accomplish siniilar funetions. 
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These statements are constructed of APT vocabulary words, symbols, and numbers. all 
arranged using appropriate punctuation. APT vocabulary words consist of six or fewer 
characters. 1 he characters are almost always letters of the alphabet. Only a very few APT 
vocabulary words contain numerical digits-so few in faet that we wiil not encounter any of 
them in our treatment of APT in this chapter. Most APT statements include a stash (/) as 
part of the punctuation. APT vocabulary words that immediately precede the slash arc 
c alled major words. whercas those that follow the slash are called minor words. 

Geometry Statements. The geometry of the part must be defined to idemify the 
surfaces and features that are to be machined. Accordingly, the points, lines, and surfaces 
must be defined in the program prior to specifying the motion statements The general 
form of an APT geometry statement is the following: 

SYMBOL = GEOMETRYTYPE/descriptive data (6.3) 

An example of such a statement is 

PI = POINT/20.0,40.0,60.0 

An APT geometry statement consists of three sections. The first is the symbol used 
to identify the geometry element. A symbol can be any combination of six or fewer al 
phabetical and numerical characters, at least one of which must be alphabetical. Also, the 
symbol cannot be an APT vocabulary word. Some examples are presented in Table 6.12 to 
illustrate what is pertnissible as a symbol and what is not. The second section of the APT 
geometry statement is an APT major word that identifies the type of geometry element. 
Examples are POINT, LINE, CIRCLE, and PLANE. The third section of the APT geom¬ 
etry statement provides the descriptive data that define the element precisely, completely, 
and uniquely.These data may include numerical values to specify dimensional and position 
data, previously defined geometry elements, and APT minor words. 

Punctuation in an APr geometry statement is indicated in Eq. (6.3). The definition 
statement is written as an equation. the symbol being equated to the geometry element 
type, followed by a slash with descriptive data to the right of the slash. Commas are used 
to separate (he words and numerical values in the descriptive data. 

There arc a variety of ways lo specify the various geometry elements.The Appendix 
to this chapter presents a sampling of statements for defining the geometry elements we 

TABLE 6.12 Examples of Permissible and Impermissible Symbols 
in APT Geometry Statements 


Symbol 

Permissible or Not. and Why 

PI 

Permissible 

PZL 

Permissible 

ABCOEF 

Permissible 

PABCDEF 

Not permissible, too many characters 

123456 

Not permissible, all numerical characters 

POINT 

Not permissible, APT vocabulary word 

PI.5 

Not permissible, only alphabeticand numerical characters are aflowed 
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ramming 

will be using in our trealmenl of APT: points, lines, planes. and circles.The rcader mav ben- 
efit from a few examples: 

Points. Specification of a point is most casily accomplished by designating its x-. 
and z-coord males. 


PI - POlN'l /20.U, 40.0,60.0 

where the descriptive dala following the slash indicate lhe t-, y-, and z-eoordinates. The 
specification can be done in cilher inches or millimeters (metric).We use metric values in 
our examples. As an alternative, a point can be defined as the intersection of two mter- 
secting lines, as in the following: 

P2 = POINT/INTOF. LI. L2 

where the APT word INTOF in the descriptive data stands for ‘intersection of.” Other 
metbodsof deftning points are given in the Appendix under POINT. 

Lines. A line defined in A PT is considered to be of infinite length in hoth directions. 
Also, APT treats a line as a vertical plane that is perpendicular to the x-y plane. The easi- 
est way to specify a line is by two points through which it passes: 

L3 = L1NE/P3.P4 

In some situations, the part programmer may find it more convenient to define a new 
line as being parallel to another line that has been previously defined; for example. 

U = LINE/P5, PARLEL, L3 

where PARLEL is APT’s way of spclling “parallel."The statement indicates line L4 pass¬ 
es through point PS and is parallel to line L3. 

Planes. A plaue can be defined by specifying three points through which the plane 
passes, as in the following: 

PLI = PLANE/P1.P2.P3 

Of couise, the three points must be non-collinear. A plane can also be defined as 
being parallel lo another plane that has been previously defined; for instance, 

PL2 = PLANE/P2, PARI.EL, PLI 


which States that plane PL2 passes through point P2 and is parallel to plane PLI. In APT, 
a plane extends indefinitely. 

Cirdes. In APT, a circle is considered to be a cylindrical surface that is perpendic¬ 
ular to the x-y plane and extends to infinity in the z-dircction. The easiest way to define a 
circle is by its center and radius, as in the following. 


Cl = CIRCLE/CENTER, PI, RADIUS, 25.0 
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By convcntion. the circle is located in the x-y plane. An alternative way of defining 
a circle is to spccify that it passes through three points; for example. 

C2 = CIRCLE/P4, P5, P6 

where the three points must not he cnllinnar. There are many other ways to define a cir¬ 
cle, several of which are listed in the Appendix under CIRCLE. 

Certain ground rules must be obeyed when formulating APT geometry statements. 
Following are four importanl APT rules: 

1. Coordinate data must be specified in the order x, then y, then z, bueause the statement 

Pi = POINT/20.5.40.0.60.0 

is interpreted to mean x = 20.5 mm, y = 40.0 mm. and z = 60.0 mm. 

2. Any symbols used as descriptive data must have been previously defined;for exam¬ 
ple. in the statement 

P2 = POlNT/iNTOF, LI, L2 

the two lines LI and L2 must have been previously defined. In setting up the list of 
geometry statements. the APT programmer must be sure lo define symbols before 
using them in subsequent statements. 

3. A symbol can be used lo define only one geometry element. The same symbol car- 
not be used to define two different elements. For example. the following statements 
would be incorrect if they were included in the same program: 

PI = POINT/20.40,60 
PI = POINT/30,50,70 

4. Only one symbol can be used to define any given element For example, the follow¬ 
ing two stalemcnts in the same purt program would be incorrecl: 

PI = POINT/20.40,60 
P2 = POINT/20,40,60 
EXAMPLE 6.3 Part Geometry Using APT 

Let us construct the geometry of our sample part in Figure 6.15. The geometry 
elements of the part to be defined in APT are labeledin Figure 6.18. Reference 
is also made to Figure 6.16, which shows the coordinate values of the points 
used to dimension the part. Only the geometry statements are given in the APT 
sequence that follows: 

PI = POINT/O, 0.0 
P2 = POINT/160.0.0,0 
P3 = POINT/160.0.60.0,0 
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P4 = POINT/35.0.90.0.0 
P5 = POINT /70.0.30.0.0 
P6 = POINT/120.0.30.0,0 
P7 = POINT/70.0.60.0,0 
P8 = POINT/130.0.60.0,0 
LI = LINE/PI, P2 
L2 = LINE/P2, P3 

Cl = CIRC7LE/CENTER, P8, RADIUS, 30.0 
L3 = LINE/P4, PARLEL, LI 
L4 = LINE/P4, PI 


Motion Commands. All APT motion statements follow a common format, just as 
geometry statements have theirown format. The format of an APT motion command is: 

MOTION COMMAND/descriptive data (6.4) 

An example of an APT motion statement is 

GOTO/PI 

The statement consists of two sections separated by a slash.The first section is the basic 
command that indicates what move the tool should make. The descriptive data following 
the slash tell the tool where to go. In the above example, the tool is directed to go to 
(GOTO) point PI, which has been defined in a previousgeometry statement. 

At the beginning of the sequence of motion statements, the tool must be given a start¬ 
ing point. This is likely to be the target point, the location where the operator has posi¬ 
tioned the tool at the start of the job.The part programmer keys into this starting position 
with the following statement: 


FROM/PTARG (6.5) 

where FROM is an APT vocabulary word indicating that this is the initial point from which 
all others will be referenced;and ETARO is the symbol assigned to the starting point. An- 
other way to make this statement is the following: 

FROM/-20.0. -20.0,0 

where the descriptive data in this case arc the x-, y-, and z-coordinates of the starting point. 
The FROM statement occurs only at the start of the motion sequence. 

In our discussion of APT motion statements, it is appropriate to distinguish between 
point-to-point motions and conlouriiig molions For point-to-point motions, Ihere are only 
two commands: GOTO and GODLTA.The GOTO statement instructs the tool to go to a 
particular point location specified in the descriptive data. Two examples are: 



168 Chap. 6 / Numerical Control 

GOTO/P2 (6.6a) 

GOTO/25.0,40.0,0 (6.6b) 

In the first rom mand, P2 is the destination of the too) point. In the second coinmand, the 
tool has been instructed to go to the location whose coordinates are x = 25.0, y - 40.0, 
and z = 0. 

The GODLTA command specifies an incrementa) move for the tool. Tb illustraie, 
the following statement instructs the tool to move from its present position by a distance 
of 50.0 mm in the x-direction, 120.0 mm in the y-direction, and 40 mm in the z-direction: 

GODLTA/50.0,120.0,40.0 

The GODLTA statement is useful in drilling and related machining operations.The 
tool can be directed to go to a given hole location; then the GODLTA command can be used 
to drill the hole, as in the following sequence: 

GOTO/P2 

GODLTA/0,0, -50.0 

GODLTA/0,0,50.0 

Contouring molion commands are more complicated than PTP commands are be- 
cause the tool's position must be continuously controlled throughout the move.To exercise 
this control, the tool is directed along Iwo intersecting surfaces until it reaches a third sur- 
face, as shown in Figure 6.20. These three surfaces have specific names in APTi they are: 

1. Drive surface. This is the surface that guides the side of the cutter. It is pictured as a 
plane in our figure. 

2. Part surface. This is the surface. again pictured as a plane, on which the bottom or 
nose of the tool is guided. 



figure 6.20 Three surfaces in APT contouring motions that guide 
the cutting tool. 
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3. Check sur face. This is the surface that stops the forward motion of the tool in the ex- 
ecution of the currcnt command. One might say that this surface “checks" the ad- 
vance of the tool. 

It should be noted here that the “part surface” may or may not be an actual surface of the 
part.The part programmer may eleet to use an actual part surface or some other previously 
defined surface for the purpose of maintaining continuous path control of the tool. The same 
qualification goes for the drive surface and check surface. 

There are several ways in which the check surface can be used. l'his is determined by 
using any of four APT modifier words in the descriptive data of the molion statement. The 
four modifier words arc TO. ON, PAST. and TANTO. As depicted in Figure 6.21, Ihe word 
TO positions the leading edge of the tool in contact with the check surface; ON positions 
the center of the tool on the check surface; and PAST puts the tool beyond the check sur¬ 
face. so that ils trailing edge is in contact with the check surface. The fourth modifier word 
TANTO is used when the drive surface is tangent to a circuiar check surface, as in Figure 
6.22. TANTO moves the cutting tool to the point of tangency with the circuiar surface. 

An APT contouring motion comtnand causes the cutter to proceed along a trajecto- 
ry defined by the drive surface and part surface; when the tool reaches the check surface 
it stops according to one of the modifier words TO, ON, PAST, or TANTO. In writing a 



(a)TO (b)ON (c) past 


Figure 6.21 Use of APT modifier words in motion statements: 

(a) TO moves the tool into initial contact with the check surface; 

(b) ON positions the tool center on the check surface; and (c) PAST 
moves the tool just beyond the check surface. 



Figure 6.22 Use of the APT modifier word TANTO. TA NTO moves 
the tool to the point of tangency between two surfaces,at least one 
of which is a circuiar surface. 
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FiKure 6.23 Use of the AFT motion 
words The tool has moved from a 
previous position to its present position. 
The direction of the next move is 
determined by one of the APT motion 
words GOLFT. GORGT, GOFWD, 
GOBACK. GOUP. or GODOWN. 


motion statement, the part programmer must keep in mind the direction from which the 
tool is coming in the preceding motion command. The programmer must pretend to be 
riding on top of the tool, as if dri ving a car. After the tool reaches the check surface in the 
preceding move, does the next move involve a right tum or left tum or what? The answer 
to this question is determined by one of the following six motion words, whose interpre¬ 
tations are iliustrated in Figure 6.23: 

• GOLFT commands the tool to make a left tum relative to the last move. 

• GORGT commands the tool to make a right tum relative to the last move. 

• GOFWD commands the tool to move forward relative to the last move. 

• GOBACK commands the tool to reverse direction relative to the last move. 

• GOUP commands the tool to move upward relative to the last move. 

• GODOWN commands the tool to move down relative to the last move. 

In many cases, the next move will be in a direction that is a combination of two pure di- 
rections. Forexample, the direction might be somewhere between go forward and go right. 
In these cases, the proper motion command would designate the largest direction compo- 
nent amongthe choices availabte. 

To begin the sequence of motion commands, the FROM statement, Eq. (6.5) is used 
in Ihe same manner as for point-to-pomt moves.The statement following the FROM com¬ 
mand defines the initial drive surface. part surface, and check surface. With reference to Fig¬ 
ure 6.24, the sequence takes the following form: 



Figure 6,24 Initialization of APT contouring motion sequence. 
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FROM/PTARG 

GO/TO. PLI .TO. PL2,TO PL3 (6-7) 

The symbol PTARG represents ihe target point where the operator has set up the 
tOOl.The GO cotnmand instructs the tool to move to the intersection of the drive surfacc 
(PLI). the part surface (PL2), and the check surface (PL3). Because the modifier word TO 
has been used for each of the three surfaces, the circumference of the cutter is tangent to 
PLI and PL3, and the bonom of the cutter is on PL2.The three surfaces included in the 
GO statement must be specified in the order. (1) drive surface, (2) part surface, and 
(3) check suriacc. 

Note that GO/TO is not the same as the GOTO command. Eq. (6.6). GOTO is used 
only for PTP motions. The GO/ command is used lo initialize a sequence of contouring 
motions and may take alternative forms such as GO/ON, GOTO, or GO/PAST, 

After initia'ization, the tooi is dirccted along its path by one of the six motion com¬ 
mand words. Il is not necessary to redefine the part surface in every motion command afier 
it has been initially defined as long as it remains the same in subsequent commands.ln the 
prcceding motion command, F.q. (6.7), the cutter has been directed from PI ARG to Ihe in¬ 
tersection of surfaces PL1.PL2, and PL3. Suppose it is now desired to move the tool along 
plane PL3 in Figur« 6.24, with PL2 icniaining as the part surface.Thc following command 
would accomplish this motion: 


GORGT/PL3, PAST. PL4 (6.8) 

Note that PL2 is not mentioned in this new command. PL3, which was the check sur¬ 
face in the prcceding command, Eq, (6.7), is the drive surface in the new command. And 
the new check surface is PL4. Although the part surface may remain the same throughout 
the motion sequence. the drive surface and check surfacc must be redefined in each new 
contouring motion command. 

There are many parts whose features can all be defined in two axes, x and y. Al¬ 
though such parts certainly possess a tliird dimension, there are no features to be machined 
in this dtrcction. Our sample part is a case in point. In the engineering drawing, Figur« 6.15, 
the sides of the part appear as lines, although they are three-dimensional surfaces on the 
physical part. In cases likc this, it is more convenient for the programmer to define the part 
profile in terms of lines and circles rather than planes and cylinders. Fortunately, the APT 
language system allows this because in APT.lines are treated as planes and circles are treat- 
ed as cylinders, which are both perpendicular to the x-y plane. Hence, the planes around 
the partoutlinc in Figure 6.15 can be replaced by lines (call them Ll,L2,L3,and L4), and 
the APT commands in Eqs. (6.7) and (6.8) can be replaced by the following: 

FROM/PTARG 
GOTO. LI,TO, PL2.TO L3 
GORGT/L3, PAST, L4 


Substitution of lines and circles for planes and cylinders in APT is allowed only when 
the sides of the pau are perpendicular to the x-y plane. Note that plane PL2 has not been 
converted to a line. As the “part surface” in the motion statement, it must maintain its sta¬ 
tus as a plane parallel to the x- and y-axes. 
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EXAMPLE 6.4 APT Conlouring Molion Commands 

Let us. write the APT motion commands to profile mil) the outside edges of our 
sample workpan. The geometry elements are labeled in Figure 6.18, and the 
tool path is shown in Figure 6.17. The tool begins its motion sequence from a 
targei point PTARG located at Jr = 0, y = -50 mm and z = 10 mm. We also 
assume that "part surface" PL2 has been de fined as a plane parallel to the Jt-y 
plane and located 25 mm below the top surface of the part (Figure 6.16). The 
reason for defining it this way is toensure thal the cutter will machine Ihc en- 
tire thickness of the part. 

FROM/PTARG 
GO/TO. LI, TO, PL2. ON, L4 
GORGT/Ll, PAST, L2 
GOLFT/L2.TANTO, Cl 
GOFWD/C1. PAST. L3 
GOFWD/L3, PAST, L4 
GOLFT/U, PAST, LI 
GOTO/PO 


Postprocessor and Auxiliary Statements. A complete APT part program must 
inelude funelions not accomplished by geometry statements and motion commands.These 
additional funetions are implemented by postprocessor statements and auxiliary statements. 

Postprocessor statements control the operation of the machine tool and play a sup- 
porting role in generating the tool path. Such stalements are used to define cutter size, 
specify speeds and feeds, turn coolant flow on and off, and control other features of the par 
ticular machine tool on which the machining job will be performed. The general form of a 
postprocessor statement is the following: 

POSTPROCESSOR COMMAND/descriptive dala (6.9) 

where the POSTPROCESSOR COMM AND is an APT major word indicating the type of 
funetion or action to be accomplished, and the descriptive data consists of APT minor 
words and numerical values. In some commands. the descriptive data is omitted. Some ex- 
amplcs of postprocessor statements that appear in the Appendix at the end of Ihe chapter 
are the following: 

• UNITS/MM indicates that the specified units used in the program are INCHES or MM. 

• INTOL/0.02 specifies inward tolerance for circular interpolation. 

• OUTTOL/0.02 specifies outward tolerance for circular interpolation. 

• CUTTER/20.0 defines cutter diameter for tool path offset calculations; Ihe length and 
other dimensions of the tool can also be specified, if necessary, for three-dimension¬ 
al machining. 

« SPINDL/1000, CLW specifies spindle rotation speed in revolutions per minute. Ei- 
ther CLW (clockwise) or CCLW (counterclockwise) can be specified. 
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• SPINDL/OFF stops spindle rotation. 

• FEDRAT/40.1PM specifies feed rate in millimeters per minute or inches per minute. 
Minor words IPM or IPR are used to indicate whelher the feed rate is units per 
minute or units per revolution of the cutter, where the units are specified as inches 
or millimeters in a preceding UNITS statement. 

• RAPID engages rapid traverse (high feed rate) for next move(s). 

• COOLNT/FLOOD tums cutling fluid on. 

• LOADTL/Ol used wilh aulomatic toolchangers to identify which cutting tool should 
be loaded into the spindlc. 

• DELAY/30 temporarily stops the machine tool for a period specified in seconds. 

Auxiliary statements are used to identify the part program, specify which postprocessor 
to use. insert remarks into the program, and so on. Auxiliary statements have no effeet on 
the generation of tool path.The following APT words used in auxiliary statements are de- 
fined in the Appendix: 

• PARTNO is the first statement in an APT program, used to identify the program; 
foi cxamplc. 


PARTNO SAMPLF. PART NUMBER ONE 

• MAC'HIN/ pennits the part programmer to specify the postprocessor, which in effeet 
specifies the machine tool. 

• CLPRNT stands for “cutter location print" which is used to print out the cutter lo¬ 
cation sequence. 

• REMARK is used to insert explanatory comraents into the program that are not in- 
terpreted or processed by the APT processor. 

• FINI indicates the end of an APT program. 

The major word MACH1N requires a slash (/) as indicaled in out list above, willi descrip- 
tive data that identify the postprocessor to be used. Words such as CLPRNT and FINI are 
complete without descriptive data. PARTNO and REMARK have a format that is an ex- 
ception to the normal APT statement structure.These are words that are followed by de¬ 
scriptive data, but without a slash separating the APT word from the descriptive data. 
PARTNO is used at the very beginning of the part program and is followed by a series of 
alplianumeric characters that label the program. REMARK permits the programmer to in¬ 
sert comments that the APT processor does not process. 

Some APT Part Programming Examples. As examples of APT, we will prepare 
two part programs for our sample part.one to dril) the three holes and the second to pro¬ 
file mili the outside edges As in our example programs in Section 6.5.2. the starting 
workpicce is an aluminum plate of the desired thickness, and its perimeter has been rough 
cut slighily oversized in anticipation of the profile milling operation. Tn effeet, these APT 
programs will accomplish the same operations as previous Examples 6.1 and 6.2 in which 
manual part programming was used. 
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EXAMPLE 6.5 Drilling Sequence in APT 

Let us write the APT program to perform the drilling sequence for our sample 
part in Flgurc 6.15. We will show the APT geometry statements only for the 
three hole locations, saving the remaining elements of geometry for Example 6.6. 
PARTNf) S AMPI F PART DR1LL1MG OPERATION 
M ACH1N/DRILL, 01 
CLPRNT 
UNITS/MM 

REMARK Part geometry. Points are defined 10 mm above part surface. 

PTARG = POINT/O,-50.0,10.0 

P5 = POINT/70.0,30.0,10.0 

P6 = POINT/120.0.30.0,10.0 

P7 = POINT/70.0,60.0,10.0 

REMARK Dril! bit motion statements. 

FROM/PTARG 
RAPID 
GOTO/P5 
SPINDL/1000, CLW 
FEDRAT/0.05, TPR 
GODLI A/0,0, -25 
GODLTA/O.0,25 
RAPID 
GOTO/P6 
SPINDL/1000. CLW 
FEDRAT/0.05, IPR 
GODLTA/0,0, -25 
GODLTA/0,0.25 
RAPID 
GOTO/P7 
SPINDL/1000, CLW 
FEDRAT/0.05. IPR 
GODLTA/0,0,-25 
GODLTA/0,0,25 
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RAPID 

GOTO/PTARG 

SPINDLVOFF 

FINI 


EXAMPLE 6.6 Two-Axis Profile Milling in APT 

The three holes drilled in Example 6.5 will be used for locating and holding the 
workpart for milling the outside edges. Axis coordinates are given in Hgure 
6.i6. The top surface of the part is 40 mm above the surface of the machine 
table. A 20-mm diameter end mili with four teeth and a side tooth engagement 
of 40 mm will be used.The bottom tip of the cutter will be posttioned 25 mm 
below the top surface during machining, thus ensuring that the side cutting 
edges of the cutter will cut the full thickness of the part. Spindle 
speed = 1000 rev/min and feed rate = 50 mm/min. The tool path, shown in 
Hgure 6.17, is the same as that followed in Example 6.2. 

PARTNO SAMPLE PART MILLING OPERATION 

MACHIN/MILLING, 02 

CLPKNT 

UNITS/MM 

CUTTER/20.0 

REMARK Part geometry. Points and lines are defined 25 mm 
below part top surface. 

PTARG = POINT/O.-50.0,10.0 
PI = POINT/O, 0.-25 
P2 = POINT/160,0,-25 
P3 = POINT/160,60, -25 
P4 - POINT/35,90,-25 
P8 = POINT/130.60, -25 
LI = LINE/PI, P2 
L2 = LINE/P2,P3 

Cl = CIRCLE/CENTER, P8, RADIUS, 30 

L3 “ LINE/P4, LEFT,TANTO, Cl 

L4 = L1NE/P4, PI 

PLI = PLANE/PI, P2.P4 

REMARK Milling cutter motion statements. 

FROM/PTARG 
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SPINDL/'IOOO, CLW 
FF.DRAT/50,1PM 
GO/TO. LI ,TO, PLI, ON, L4 
GORGT/L1, PAST. L2 
GOLFT/L2.TANTO. Cl 
GOFWD/C1, PAST. L3 
OOFWD/L3,PAST.L4 
GOLFT/L4, PAST. LI 
RAPID 

GOTO/PTARG 

SPINDL/OFF 

FINI 


6.5.5 NC Part Programming Using CAD/CAM 

A CADiCAM system is a computer interactive graphics system equippert with software to 
accomplish ccrtain tasks in design and manufacturing and to integratc the design and man¬ 
ufacturing functions. Wc discuss CAD/CAM in Chapter 24. One of the important lasks 
performed on a CAD/CAM system is NC part programming. In this method of part pro¬ 
gramming, portions of the procedure usually done by the part programmer are instead 
done by the computer. Rccall that the two main tasks of the part programmer in comput- 
er-assistcd programming are (1) defining the part geometry and (2) specifying the tool 
path. Advanced CAD/CAM systems automate portions of both of these tasks. 

Geomatry Definition Using CAD/CAM. A fundamental objective of CAD/CAM 
is to integrate the design engineering and manufacturing engineering functions. Certainly 
one of the important design functions is to design the individual components of the prod- 
uct. If a CAD/CAM system is used, a computer graphics model of each part is developed 
by the designer and stored in the CAD/CAM data base. That model contains all of the 
gcomctric, dimensional, and matcrial specificalions for the part. 

Wheo the same CAD/CAM system, or a CAM system that has access to the same 
CAD data base in which the part model resides, is used to perform NC part programming, 
it makes little sense to recreate the geometry of the part during the programming proce¬ 
dure. Instead, the programmer has the capability lo retrieve the part geometry model from 
storage and to use that model to construct the appropriate cutter path, The significant ad- 
vantage of using CAD/CAM in this way is that it eliminates one of the time-consuming steps 
in computer-assisted part programming - . geometry definition. After the part geometry has 
been retrieved, the usual procedure is to label the geometric elements that will bc used 
during part programming. These labeis are the variable names (symbols) given to the lines, 
circles, and surfaces that comprise the part. Most systems have the capacity to automatieahy 
label the geometry elements of the part and to display the labels on the monitor. The pro¬ 
grammer can then refer to those labeled elements during tool path construction. 

If the NC programmer does not have access to the data base,then the geometry of the 
part must be defined.This is done by using similar interactive graphics techniques that the 
product designer would use to design the part. Points are defined in a coordinate system 
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using the computer graphics system,lines aad circles are defined from the points,surfaces 
are defined. and so forth, to construct a geometric model of the pari. The advantage of 
using the Interactive graphics system over conventional computer-assisted part program- 
ming is that the programmer receives immediate visual verification of the definitions being 
created.This tends to improve the speed and accuracy of the geometry definition piocess. 

Tool Path Generaf/on Using CAD/CAM. The second task of the NC programmer 
in computer-assisted part programming is tool path specification.The first step in spccify- 
ing the tool path is to select the cutting tool for the operation. Most C.AD/CAM systems 
have too! libraries that can be called by the programmer to identify what tools arc avail- 
able in the tool crib.The programmer must decide which of the available tools is most ap- 
propriate for the operation under consideration and specify it for the tool path.This permits 
the tool diameter and other dimensions to be entered automatically for tool offset calcu 
lations. If the desired cutting tool is not available in the library, an appropriate tool can be 
specificd by the programmer. It then becomes part of the library lor luture use. 

The next step is tool path definition. There are differences in capabilities of the var- 
ious CAD/CAM systems, which result in different approaches for generating the tool path. 
The most basic approach involves the use of the interactive graphics system to enter the 
motion commands one-by-one. similar to computer-assisted part programming. Individuel 
statements in APT or othei part programming language are entered. and the CAD/CAM 
system provides an immediate graphic display of the action resulting from the command. 
thereby validating the statement. 

A more-advanced approach for generating tool path commands is to use one of the 
automatic software modules available on the CAD/CAM system. These modules have 
been developed to accomplish a number of common machining cvcles for milling, drilling, 
and tuming.They are subroutines in the NC programming package that can be called and 
the required parameters given to execute the machining cycle. Several of these modules are 
identified in Table 6.13 and Figure 6-25. 

When the complete part program has been prepared, the CAD/CAM system can 
provide an animated simulation of the program for validation purposes. 

Computer-Automated Part Programming. In the CAD/CAM approach to NC 
part programming, several aspects of the procedure are automated. In the future, il should 
be possible to automate the complete NC part programming procedure. We are referring 
to this fully automated procedure as computer-automated part programming. Given the 
geometric model of a part that has been defined during product design, the computer- 
automated system would possess sufficient logic and decision-making capability to ac¬ 
complish NC part programming for the entire part witbout human assistance. 

This can most readily be done for certain NC processes that involve well-defined, 
relatively simple pari geometries. Exaniples are point-to-point operations such as NC 
drilling and electronic component assembly machines. In these processes, the program con- 
sists basically of a series of locations in an x-y coordinate system where Work is to be per- 
formed (e.g.. holes are to be drilled or components are to be inserted). These locations are 
determined by data tbat are generated during product design. Special algorithms can be de¬ 
veloped to process the design data and generatc the NC program for the particular system. 
NC conlouring systems wiU eventually be capable ot a similar level of automation. Auto¬ 
matic programming of this type is closely related to computer-automated process planning 
(C APP), discussed in Chapter 25. 
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TABLE 6.13 Some Commort NC Modules for Automatic Programming of Machining Cycles 


Module Type 

Brief Description 

Profile milling 

Generates cutter path around the periphery of a part, usually a 2-D 
contour wnare depth remains constant, as in Exsmple 6.8 and 

Figure 6.17. 

Pocket milling 

Generates the tool path to machine a cavity, as in Figure 6.25(a). A series 
of cuts is usually required to complete the bottom of the cavity to the 
desired depth. 

Lettering (engraving, milling) 

Generates tool path to engrave (mili) alphanumeric characters and other 
symbols to specified font and size. 

Contourturning 

Generates tool path for a series of turning cuts to provide a defined 
conlour on a rotational part, as in Figure 6.25(b). 

Facing (turning) 

Generates tool path for a series of facing cuts to remove excess stock 
from the part face or to create a shoulder on the part by a series of facing 
operations, as in Figure 6.25(c). 

Threading (turning) 

Generates tool path for a series of threading cuts to cut external, 
internal, or tapered threads on a rotational part, as in Figure 6.25(d) for 
external threads. 



< c > (d) 

Flgure 6.25 Examples of machining cycles available in automatic 
programming modules. (a) pocket milling, (b) conlour tuming 
(c) facing and shoulder facing, and (d) threading (external). 
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6.5.6 Manual Data Input 

Manual and computer-assistcd part programraing require a relativdy high degree of for¬ 
mal documenlation and procedure. There is lead time required lo write and validate the 
programs. CAD/CAM part programming automates a substantial portion ol the proce¬ 
dure, bul a significant commitment in equipment. software, and training is required by the 
company thai utilizes CAD/CAM programming. A potential method of simplifying the 
procedure is to have the machinc operator perform the part programming task at the ma- 
chine tool.This is called manual data input (abbreviated MDI) because the operator man¬ 
ually enters the part geometry data and motion commands direetly into the MCU prior to 
running the job. MDI. also known as ænversationalprogramming [9], is perceived as a way 
for the small machine shop to introduce NC into its operations without the need to ac- 
quire special NC part programming equipment and to hirc a part programmer. MDI per¬ 
tnits the shop to make a minimal initial investment to begin the transition to modem CNC 
technology.The limitation, or potential limitation, of manual data input is the risk of pro¬ 
gramming errors as jobs become more complicated. For this reason, MDI is usually ap- 
plied for relatively simple parts. 

Communicalion between the machine operator-programmer and the MDI system is 
accomplished using a display monitor and alphanumeric keyboard. Entering the pro¬ 
gramming commands into the controller is typically done using a menu-driven procedure 
in which the operator responds to prompts and questions posed by the NC system about 
the job to be mach i ned. The sequence of questions is designed sothat the operator inputs 
the part geometry and machining commands in a logical and consistent manner. A computer 
graphics capability is included in modem MDI programming systems to permii the oper¬ 
ator to visualize the machining operations and verify the program.Typical vcrification fea¬ 
tures include tool path display and animation of the tool path scquencc. 

A minimum of training in NC part programming is required of the machine opera¬ 
tor. The sk i Ils needed are the ability to read an engineering drawing of the part and to bc 
familiar withthe machining process. An important application note in the use of MDI is to 
make certain that the NC system does not become an expensive toy that stands idle while 
the operator is entering the programming instructions. Efficient use of the system requires 
that programming for the next part be accomplished while the current part is being ma- 
chined. Most MDI systems permit tliesc two fuiictiuns lo be pertormed simultaneously to 
rcduce changeover time between jobs. 

6.6 ENGINEERING ANALYSIS OF NC POSITIONING S YSTEMS 

The NC positioning system converts the coordinate axis values in the NC part program into 
relative positions of the tool and workpart during processing. Let us consider the simple 
positioning system shown in Figure 6.26. The system consists of a cutting tool and a work- 
table on which a workpart is fixtured.The table is designed to move the part relative to the 
tool. The worktable moves linearly by means of a rotating leadscrew, which is driven by a 
stepping motor or servomotor. For simplicity, we show only one axis in our sketch. To pro- 
vide x-y capability, the system shown would be piggybacked on top of a second axis per- 
pendicular to the first.The leadscrew has a certain pitch p (in/thread, mm/thread).Thus, 
the table moves a distance equal to the pitch for each revolution. The velocity of the work¬ 
table, which corresponds to the feed rate in a machining operation, is determined by the 
rotational speed of the leadscrew. 
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Leadsciew 


Figure 6.26 Motor and leadscrew arrangement in an NC position- 
ing system. 

There are two types of positioning systems used in NC systems: (a) open loop and 
(b) closed loop. as shown in Figure 6.27. An open-loop system operates without verifying 
that the aclual position achieved in the move is tbe same as the desired position. A closed- 
loop control system uses feedback measurements to confirm that the final position of the 
worktable is the location specified in the program. Open-loop systems cost less than closed- 
loop systems and are appropriate when the force resisting the actuating motion is minimal. 
Closed-loop systems are normally specified for machines that perform continuous path 
operations such as milling or tuming, in which there are significant forces resisting the for¬ 
ward motion of the cutting tool. 



Figure 6.27 Two types of motion control in NC: (a) open loop and 
(b) closed loop. 
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6.6.1 Open-Loop Positioning Systems 

An open-loop positioning system typically uses a stepping motor to rotate the Ieadscrew. 
A stepping motor is driven by a series of electrical pulses, which are generated by the MCU 
in an NC system. Each pulse causes the motor to rotate a fraction of one revolution, called 
the step angle. The possible step angles must be consistent with the following relationship: 


( 6 . 10 ) 


where a = step angle (degrees), and n, = the number of step angles for the motor, which 
must be an integer.The angle through which the motor shaft rotates is given by 

A„ = n f a (6.11) 

where A m = angle of motor shaft rotation (degrees), n f = number of pulses received by 
the motor, and at = step angle (degrees/pulse) The motor shaft is generally connected to 
the Ieadscrew through a gear box, which reduces the angular rotation of the Ieadscrew. 
The angle of the Ieadscrew rotation must take the gear ratio into account as follows: 


A 


ry* 


(6.12) 


where A = angle of Ieadscrew rotation (degrees), and r g = gear ratio, defined as the num¬ 
ber of tums of the motor for each single tum of the Ieadscrew. That is, 


(6.13) 


where N m = rotational speed of the motor (rev/min). and N = rotational speed of the 
Ieadscrew (rev/min). 

The line ar movement of the worktable is given by the number of full and partial ro¬ 
tations of the Ieadscrew multiplied by its pitch: 


P A 


360 


(6.14) 


where x = x-axis position relative to the starting position (mm. inch), p = pitch of the 
Ieadscrew (mm/rev, in/rev), and Af 360 = number of Ieadscrew revolution s. The number 
of pulses required to achieve a specrfied r-position increment in a point-to-point system can 
be found by combining the two preceding equations as follows: 


360xr s 
pa ° r 



P 


(6.15) 


where the second expression on the right-hand side is obtained by substituting n, for 360/a, 
which is obtained by rearranging Eq. (6.10). 
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Control pulses are transmitted from the pulse generator at a certain frequency, whicb 
drives thc work table at a corresponding velocity or feed rate in the direction of the lead- 
screw axis. The rotational speed of thc leadscrew depends on (he frequency of the pulse 
train as follows: 


(6.16) 


wherc IV = leadscrew rotational speed (rev/min)./,, = pulse train frequency (Hz, puls- 
es/scc),and n s = steps per revolution or pulses per revolution. For a two-axis table with 
continuous palh Control, the relative velocities of the axes are coordinated to achieve the 
desired travel direction. 

The table travel speed in the direction of leadscrew axis is determined by thc rota¬ 
tional speed as follows: 


(6.17) 


where v, = table travel speed (mm/min,in/min),/, = table feed rate (mm/min, in/min), 
,V = leadscrew rotalional speed (rev/min), and p = leadscrew pitch (mm/rev, in/rev). 

The required pulse train frequency to drive the table at a specified linear travel rate 
can be obtained by combining Eqs. (6.16) and(6.17) and rearranging to solve for// 


W, f'*,r t 

60 p ° r 60p 


(6-18) 


EXAMPLE 6.7 NC Open-Loop Positioning 

The worktable of a positioning system is driven by a leadscrew whose 
pitch = 6.0 mm. The leadscrew is connected to the output shaft of a stepping 
motor through a gearbox whose ratio is 5:1 (5 tums of the motor to one tum of 
the leadscrew).The stepping motor has 48 step angle«. The table must move a 
distance of 250 mm from its present position at a linear velocity = 500 mm/min. 
Determine (a) how many pulses are required to move tbe tabte the spcciflcd 
distance and (b) the required motor speed and pulse rate to achieve the desired 
tabte velocity. 

Solution: (a) Rearranging Eq. (6.14) to find the leadscrew rotation angle A correspond¬ 
ing to a distance * = 250 mm, 

360a: 360(250) 

A =-~ —~~ = 15,000° 

p 6.0 

With 50 step angles, each step angle is 


Thus, the number of pulses to move the table 250 mm is 


360a: r g Ar g 



15,000(5) 

IS 


- 10,000 pulses. 
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(b) The rotational speed of the leadscrew corresponding to a table speed of 
500 mm/min can be determined from Eq. (6.17): 


N 


o, _ 500 


= 83.333 rev/m 




n (6.13) can be used to find the motor speed: 

N m = r t N = 5(83333) = 416.667 rev/min 
The applied pulse rate to drive the table is given by Eq. (6.18): 
500(48)(5) _ 

60 p = 60(6) 


fp = ~ 


= 333.333 Hz 


6.6.2 Clos«d-Loop Positioning Systems 

A closed-loop NC system, illustrated in Figure 6.27(b), uses servomotors and feedback 
measurements to ensure that the worktable is moved to the desired position. A cornmon 
feedback sensor used for NC (and also for industrial robots) is the Optical encoder, shown 
in Figure 6.28. An Optical encoder consists of a light source and a photodetector on either 
side of a disk.The disk contains slots uniformly spaced around the outside of its face.These 
slots allow the light source to shine through and energize the photodetector. The disk iscon- 
nected, either directly or through a gear bos, to a rotating shaft whose angular position 
and velocity are to be measured. As the shaft rotates, the slots cause the light source to be 
seen by the photocell as a series of flashes. The flashes are converted into an equal num- 
ber of electrical pulses. By counting the pulses and computing the frequency of the pulse 
train, worktable position and velocity can be determined. 

The equations that define the operation of a closed-loop NC positioning system are 
similar to those for an open-loop system. In the basic optical encoder, the angle between 
slots in the disk must satisfy the following requirement: 





!») (b) 

Figure 6.28 Optical encoder: (a) apparatus and (b) series of pulses 
emitted to measure rotation of disk. 
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where a = angle between slots (degrees/slot), and n, = the number of slots in the disk 
(slots/rev). Rar a certain angular rotation of the encoder shaft, the number of pulses senstid 
by the cncoder is given by 


where n p = pulse count emitted by the encoder, A t = angle of rotation of the encoder 
shaft (degrees), and a = angle between slots, which converts to degrees per pulse. The 
pulse count can be used to determine the linear r-axis position of the worktable by factoring 
in the leadscrew pitch and the gear reduction between the encoder shaft and the lead¬ 
screw. Thus, 


where n p and n s are defined above ,p = leadscrew pitch (mm/rev, in/rev), and = gear 
reduction between the encoder and the leadscrew, defined as the number of turns of the 
encoder shaft for each single turn of the leadscrew. That is. 


_ ty 
~ A 


ty 

N 


( 6 . 22 ) 


where A, = encoder shaft angle (degrees), A = leadscrew angle (degrees), ty = rota¬ 
tional speed of encoder shaft (rev/min), and N = rotational speed of leadscrew (rev/min). 
The gear reduction r gl between the encoder shaft and the leadscrew must not be confused 
with the gear ratio between the drive motor and the leadscrew r g defined in Eq. (6.13). 

The velocity of the worktable, which is normally the feed rate in a machintng oper¬ 
ation, is obtained from the frcquency of the pulse train as follows: 


where o, = worktable velocity (mm/min, in/min),/, = feed rate (mm/min, in/min), 
f p = frequency of the pulse train emitted by the optical encoder (Hz, pulses/sec), and the 
constant 60 converts worktable velocity and feed rate from millimeters per second (inch- 
es per sec) to millimeters per minute (inches per minute).The terms p, n,, and r ge have been 
previously defined. 

The pulse train generated by the encoder is compared with the coordinate position and 
feed rate specified in the part program, and the difference is used by the MCU to drive a ser- 
vomotor, which in tum drives the worktable. A digital-to-analo g converter (Section 5.4) 
converts the digital signals used by the MCU into a continuous analog current that powers 
the drive motor. Closed-loop NC systems of the type described here are appropriate when 
a reactionary force resists the movement of the table. Metal cutting machine tools that per- 
form continuous path cutting operations, such as milling and tuming, fail into this category. 

EXAMPLE 6.8 NC Closed-Loop Positioning 

An NC worktable operates by dosed-loop positioning. The system consists of a 
servomotor, leadscrew, and Optical encoder. The leadscrew has a pitch = 6.0 mm 
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and is coupled to the motor shaft with a gear ratio of 5:1 (5 tums of the drive 
motor for each tum of the leadscrew). The opticai encoder generates 48 puls¬ 
es/rev of its output shaft. The encoder output shaft is coupled to the leadscrew 
with a 4:1 reduction (4 turns of the encoder shaft for each turn of the lead¬ 
screw).The table has been programmed to move a distance of 250 mm at a feed 
rate = 500 mm/min. Determine (a) how many pulses should be received by 
the control system to verify that the table has moved exactly 250 mm, (b) the 
pulse rate of the encoder, and (c) the drive motor speed that correspond to the 
specificd feed rate. 


Solution: (a) Rearranging Eq. (6.21) to find n p , 


(b)The pulse rate corresponding to 500 mm/min can be obtained by rear- 
ranging Eq. (6.23): 


60 p 


500(481(4 ) 

60 ( 6 . 0 ) 


= 266.667 Hz 


(c) Motor speed - tablc vclocity (feed rate) divided by leadscrew pilcll, cor- 
rected for gear ratio: 


N„ 


'jh _ 5(500) 
p ~ 6.0 


= 416.667 rev/min 


Note that motor speed has the same numerical value as in Example 6.7 be- 
cause the table velocity and motor gear ratio are the same. 


6.6.3 Precision in NC Positioning 

For accurate machining or other processing performed by an NC system, the positioning 
system must possess a high degree of precision. Three measures of precision can be de- 
fined for an NC positioning system: (I) control resolution.(2) accuracy.and (3) repeatability. 
These terms are most readily explained by considering a single axis of the positioning sys¬ 
tem, as depicted in Figure 6.29. Control resolution refers to the control system's ability to 



Figure 6.29 A portion of a linear positioning system axis, with def¬ 
inition of control resolution, accuracy, and repeatability. 
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divide the total range of the axis movement into closely spaced points that can be distin- 
guished by the MCU. Control resolution is defined as the distance separating two adjacent 
addressable points in the axis movement. Addressable points are locations along the axis 
to which the worktable can be specifically directed to go. It is desirable for control resolu¬ 
tion to be as small as possible. This depends on limitations imposed by: (1) the electro- 
mechanicai components of the positioning system and/or (2) the number of bits used by the 
controller to define the axis coordinate location. 

A number of electromechanical factors affect control resolution, including: leadscrew 
pitch, gear ratio in the drive system, and the step angle in a stepping motor for an open-loop 
system or the angle between slots in an encoder disk for a closed-loop system. For an open- 
loop positioning system driven by a stepper motor, these factors can be combined into an 
expression that defines control resolution as follows: 

CR, = — (6.24a) 

where CR, = control resolution of the electromechanical components (mm.in), p = lead¬ 
screw pitch (mm/rev, in/rev), n, = number of steps per revolution, and r g = gear ratio 
between the motor shaft and the leadscrew as defined in Eq. (6.13). A similar expression 
can be developed for a closed-loop positioning system, except that the gear reduction be¬ 
tween the leadscrew and the encoder shaft raust be included: 

CR, = —(6.24b) 

The second factor that limits control resolution is the number of bits used by the 
MCU to specify the axis coordinate value. For example, this limitation may be imposed by 
the bit storage capacity of the controller. If B - the number of bits in the storage register 
for the axis, then the number of control points into which the axis range can be divid- 
ed = 2®. Assuming that the control points are separated equally within the range, then 

CR. - p4rr (625) 

where CR 2 = control resolution of the computer control system (mm, in), and L = axis 
range (mm. in). The control resolution of the positioning system is the maximum of the two 
values; thal is, 


CR = Max{CR„CR 2 } (6.26) 

A desirable criterion is for CR 2 s CR,, meaning that the electromechanical system 
is the limiting factor that determines control resolution.The bit storage capacity of a mod¬ 
em computer controller is sufficient to satisfy this criterion except in unusual situations. Res¬ 
olutions of 0.0025 mm (0.0001 in) are within the current State of NC technology. 

The capability of a positioning system to move the worktable to the exact location de¬ 
fined by a given addressable point is limited by mechanical errors that are due to various 
imperfections in the mechanical system. These imperfections include play between the 
leadscrew and the worktable, backlash in the gears, and deflection of machine components. 
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We assume that the mechanical errors form an unbiased normal statistical distribution 
about the control point whose mean u = 0. We further assume that the standard deviation 
(j of the distribution is conslant over the range of the axis under consideration. Given these 
assumptions, then ncarly all of the mechanical errors (99.74%) are contained within ±3<r 
of the control point.This is pictured in Figure 6.29 for a portion of the axis range that in- 
cludes two control points. 

Let us now ntake use of these definitions of control resolution and mechanical error 
distribution to define accuracy and repeatabiiity of a positioning system. Accuracy is dc- 
fincd under worst case conditions in which the desired target point lies in ihe middle be- 
tween two adjacent addressable points. Since the table can only be moved to one or ihe 
other of the addressable points, Ihere will be an error in the final position of the work- 
table.This is the maximum possible positioning error, because if the target were doser to 
either one of the addressable points, then the table would be moved to the closer control 
point and the error would be smaller. It is appropriate to define accuracy under this worst 
case scenario.The accuracy of any given axis of a positioning system is the maximum pos¬ 
sible error that can occur between the desired target point and the actual position taken 
by the system, in equation form. 


Accuracy = — + 3tr 


(6.27) 


where CR = control resolution (mm, in), and <7 = standard deviation of the error distri¬ 
bution. Accuracies in machine tools are generally exprcssed for a certain tange of table 
travel, for example. ±0.01 mm for 250 min (±0.0004 in. for 10 in) of table travel. 

Repeatabiiity refers to the capability of the positioning system to return to a given 
addressable point that has been previously programmed.This capability can be measured 
in terms of the location errors encountered when the system attempts to position itself at 
the addressable point. Location errors are a manifestation of the mechanical errors of the 
positioning system, which follow a normal distribution, as assumed previously. Thus, the re¬ 
peatabiiity of any given axis of a positioning system is ±3 standard deviations of the me¬ 
chanical error distribution associated with the axis. This can be written: 

Repeatabiiity = ±3<7 (6.28) 

The repeatabiiity of a modem NC. machine tool is around ±0.0025 mm (±0.0001 in). 

EXAMPLE 6.9 Control Resolution, Accuracy, and Repeatabiiity in NC 

Suppose the mechanical inaccuracies in the open-loop positioning system of 
Example 6.7 are described by a normal distribution with standard deviation 
er = 0.005 mm. The range of the work table axis is 1000 mm, and there are 16 bits 
in the binary register used by the digital controller to store the programmed 
position. Other relevant parameters from Example 6.7 are: pitch p = 6.0 mm, 
gear ratio between motor shaft and leadscrew r s = 5.0, and number of step an- 
glcs in the stepping motor n s = 48. Determine (a) the control resolution, (b) the 
accuracy.and (c) the repeatabiiity for the positioning system. 
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Solution: (a) Control resolution is the greater ol CR, and CR 2 as defined by Eqs. (6.24) 
and (6.25). 


CR, 

CR 2 


p = 6.0 _ 

n,r„ ~ 48(5.0) ~ 
1000 _ 1000 
2 16 - 1 65,535 


0.025 mm 

= 0.01526 mm 


Cr = Max{0.025,0.01526} = 0.025 mm 

(b) Accuracy is given by Eq. (6.27): 

Accuracy = 0.5(0.025) + 3(0.005) = 0.0275 mm 

(c) Repeatability = ±3(0.005) = ±0.015 mm 
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PROBLEMS 


NC Applications 

6.1 A machinable grade of aluminuin is to bc tnillcd un an NC machine with a 20-mm diameter 
four-tooth end milling cutter. C'utting speed = 12C 1 m/min and feed = O.OSmm/toolh.Con- 
vert thcse values to revolutions pet mi nute and millimeters per minute, respectively. 

6.2 A cast iron workpiece is to be face milled on an NC machine using cemented Carbide inserts. 
The cutter has 16 tceth and is 120 mm in diameter Cuuing speed = 200 m/min and 
feed - 0.05 mm/tooth.Conven these values to revolutions per minute and millimeters per 
minute, respectively. 

6.3 An end milling operation is performed on an NC machining center.Thc total length of irav- 
cl is 625 mm along a straight line paih to cut a particular workpiece. Cutting speed » 2.0 
m/sec and chip load (feed/tooth) * 0.075 mm.The end milling cutter has two teeth and its 
diameter = IS.Omm.Detcrmine the feed rate and time tocomplete the cut. 

6.4 A turning operation is to be performed on an NC lathe. Cutting Speed “ 2.5 m/scc, 
fced = 0-2 mm/rev, and depth = 4.0 mm. Workpiece diameter » 100 mm and its 
length = 400 mm. Dctermine (a) the rotational speed of the workbar, (b) the feed rate, 
(c) the metal removal rate. and (d) the time to travel from one end of the part to the olher. 

6.5 An NC drill press drills four 10.0-mm diameter holes at four locations on a flat aluminum 
plate in a production work cyclc. Although the plate is only 12 mm thick, the drill must trav¬ 
el a ful! 20 mm vertically at each hole location to allow for clearance above the plate and 
breaktbrough of the drill on the underside of the plate. Cutting conditions: speed = 0.4 
m/sec and feed = 0.10 mm/rev. Hole locations are indicated in the following table: 


Hole Number x coordinate (mm) y-coordinate (mm) 


1 25.0 25.0 

2 25.0 100.0 

3 100.0 1000 

4 100.0 25.0 


The drill starts out at point (0,0) and returns to the same position after the work cycle is 
completed. Travel rate of the table in moving from one coordinate position to another is 
500 mm/min. Owing to effecls of acceleration and deceleration and the time required for the 
Control system to achieve final positioning, a time loss of 3 sec is experienced at cach stop¬ 
ping position of the table. Assume that all inoves are made to minimize the total cycle time. 
If loading and unloading the plate take 20 sec (total handling time), dctermine the time re- 
quired for the work cycle. 

NC Manual Part Programming 

6.6 Write the part program to drill the holes in the part shown in Figure P6.6. The part is 12.0 mm 
thick. Cutting speed = 100 m/min and feed = 0.06 mm/rev. Use the lowcr left corner of 
the part as rhe. origin in the x-y axis system. Write the part program in the word address for¬ 
mat with TAB separation and variable word order. Use absolute positioning.The program 
styk should be simi] ar to Example 61. 
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10 dia . 6 holes 



Kigure P6.6 Part drawing for Problem 6.6. Dimensions are in 
millimeters. 


6.7 The part in Figure P6.7 ia to b« d rilied cm a turret-typc dril) press. The pnrt is 15.0 mm thick. 

There are three drill sizes to be used: 8 mm. 10 mm. and 12 mm.These drills are to be spec- 
ified in ihe part program by tool lurret positions T01.T02, and T03. All tooling is high speed 
Steel. Cutting speed - 75 mm/min and feed = 0.08 mm/rev. Use the lower lefl corner of the 
part as the origin in Ihe x-y axis system. Write the part program in the word address format 
with TAB separation and variable word order. Use absolute posilioning.The program style 
should be similar to Example 6.1. 



Figure P6.7 Part drawing for Problem 6.7. Dimensions are in 
millimeters. 


6.8 The outline of the part in previous Problem 6.7 is to be profile milled usiitg a 30-mm diam¬ 
eter end mill with four teeth. The part is 15 mm thick. Cutting speed = 150 m/min and 
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feed = 0.085 mm/tooth Usc the lowcr left comer of the part as the origin in the x-y axis sys- 
tem.TV*o of Ihe holes in the part have already been drilled and will be used for damping the 
pari doring profile miIling.Write the part program in the word address format with TAB sep¬ 
aration and variable word order. Use absoluie positioning. The program style should be sim- 
ilar to F.xaraple 6.2. 

6.9 The outline of the part in Figure P6.9 is to be profile milled, using a 20-mm diameter end miil 
with two iccth. The part is 10 mm thick. Cutting speed = 125 m/min and 
feed = 0.10 mm 'tooth. Usc the lower left comer of the part as the origin in the x-y axis sys¬ 
tem. The two holes in the part have already been drilled and will be used for damping the 
part during uiilling. Wriie the part program in the word address format with TAB separation 


L 

25 

T4 




Figure P6.9 Pari drawing for Problem 6.9, Dimens : ons are in 
millimeters. 


and variable word order. Use absolute positioning. The program style should be similar to 
Example 6.2. 


NC Part Programming in APT 

6.10 Write the APT geometry statements to define the hole positions of the part in Figure P6.fi. 
Use the lowet lefl corner of the part as the origin in the x-y axis system. 

6.11 Write the complete APT part program to perform the drilling operations for the part draw¬ 
ing in Figure P6.6. Cutting speed = 0.4 m/sec, feed = 0.10 mm/rev, and table travel speed 
between holes = 500 mm/min.Postprocessor cali statement is MACHIN/DRILL.04, 

6.12 Write the APT geometry statements lo define the hole positions of the part in Figure P6.7. 
Use the lowet left corner of the part as the origin in the x-y axis system. 

6.13 Wnie the APT part program to perform the drilling operations for the part drawing in Figure 
P6.7. Use the TURRET command to caD the differentdiffisrequired. Cutting speed = 0.4m/sec, 
feed = 0.10 mm/rev, and taNe travel speed between holes = 500 mm/min. Postprocessor call 
statement is MACHIN/TURDRUCG 

6.14 Write the APT geometry statements to define the outline of the part in Figure P6.7. Use the 
lower left comer of the part as the origin in the x-y axis system. 
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6.15 Write the complete APT part program to profile mill the outside edges of the part in Fig- 
ureP6.7 The part is, 15 mmthick.Tooling = 30-mm diameter end mill with four teeth, cut- 
ting speed = 150 mm/min. and feed = 0-085 ram/tooth. Use the lower left corner of the 
pari as the origin in the x-y axis system. Twc of the holes in the part have already been 
drilled ane will bc used for damping the part during profile milling. Postprocessor call state¬ 
ment is MACH1N/MILL. 06. 

6.16 Write the APTgeometry statemenrs »o define the part geomerry shown in Figure P6.9. Use 
the lower .eft comer of the part as the origin in the x-y axis system. 

6.17 Write the complete APT part program to perform the profile milling operation for the part 
drawlng in Figure P6.9. Toohng = 20-mm diameter end mill with two teeth. cutting 
speed = 125 mm/min, and feed = 0.10 mm/tooth.The part is 10 mm thick. Use the lower 
lett cornct of the part as the origin in the x-y axis system. The two holes in the part have al¬ 
ready been drilled and will be used for damping the part during milling. Postprocessor call 
statement is MACH1N/M1LL.01. 

6.18 Write the APT geometry statements to define the outline of the cam shown in Figure P6.18. 



Figure P6.18 Part drawing for Problem 6.18. Dimensions are in 
millimeters. 

6.19 The outline of the cam in Figure P6.18 is to be machined in an end milling operation, 
using a 12.5-mm diameter end mill with two teeth. The part i« 7.5 mm thick. Write the 
complete APT program for this job, using a feed rate = 80 mm/min and a spindle 
speed = 500 rev/min. Postprocessor call statement is MACH1N/MILL, 03- Assume the 
rough outline for the part has been obtained in a band saw operation. Ignore damping is- 
sues in the problem. 

6-20 The part outline in Figure P6.20 is to be profile milled in several passes from a rectangular 
slab (outline of slab shown in dashed lines), using a 25-mm diameter end mill with four teeth. 
The initial passes are to remove no more than 5 mm of material from the periphery of the 
part. and the final pass should remove no more than 2 mm to cut the outline to final shape. 
Write (he APT geometry and motion statements for this job. The final part thickness is to 
be the same as the starting slab thickness. which is 10 mm, so no machining is required on 
the top and bottom of the part. 

621 The top surfacc of a large casi iron plate is to be face milled. The area to be machined is 
400 mm wide and 700 mm long. The insert type face milling cutter has eight teetb and is 
100 mm in diameter. Define the origin of the axis system at the lower left corner of the part 
with the long side parallel to the x-axis. Write the APT geometry and motion statements 
for this job. 
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Figure P6.20 Part drawing for Problem 6.20. Dimensions are in mil¬ 
limeters. 


6J2 Write ihe APT geometry statements lo define the part geometry shown in Figure P6.22. 



Figure P6.22 Pari drawing for Problem 6.22 Dimensions are in 
millimeters. 


6.23 The pari in Figure P6.22 is to be milled, using a 20-mm diameter end miil with four teeth. 
Write the APT geometry and motion statements for this job. Assume t hat preliminary pass¬ 
es have been completed so that only the final pass (“to size") is to be completed in this pro¬ 
gram. Cutling speed = 500 rev/min, and feed rate = 250 mm/min. The starting slab 
thickness is 15 mm. so na inachiningis required on the top or bo tlom surfaces of Ihe part. 
The three holes have been predrilled for fixturing in this miiling sequence. 
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Analysis of Open-Loop Positioning Systems 

6.24 Two stepping motors are used in an open-loop system to drive ihe leadscrews for x-y po¬ 
sitioning. The range of each axis is 250 mm.The shafts of the motors are connected dircctly 
to the leadscrews. The pitch of each leadscrew is 3.0 mm, and the number of step angles on 
the stepping motor is 125. (a) How closely can the position of the tablc be controlled, as- 
suming there are no mcchanical crrors in the positioning system? (b) What are the required 
pulse train frequencies and corrcsponding rotational speeds of each stepping motor to drive 
the table at 275 mm/min in a straight line from point (x = 0, y = 0) to point (x = 130 mm, 
>• - 220 mm)? 

6.25 One axis of an NC positioning system is driven by a stepping motor. The motor is connect¬ 
ed to a leadscrew whose pitch is 4.0 mm, and the leadscrew drives the table. Control reso¬ 
lution for the table isspecified as 0.015 mm. Determine (a) the number of step angles required 
to achieve the specified Control resolution, (b) the size of each step angle in the motor, and 
(c) the linear travel rate of the motor at a pulse frequency of 200 pulses per second 

6.26 The worktable in an NC positioning system is driven by a leadscrew with a 4-mm pitch. I he 
leadscrew is powered by a stepping motor that has 250 step angles. The worktable is pro 
grammed to move a distance of 100 mm from its present position al a travel speed of 
300 mm/min. (a) How many pulses are required to move the lable the specified distance? 
(b) What are the required motor speed and (c) pulse rate lo achieve the desired lable speed? 

6.27 A stepping motor with 200 step angles is coupled to a leadscrew through a gear reduction 
of 5:1 (5 rotations of the motor for each rotation of the lead screw). The leadscrew has 2.4 
threads/cm.The worktable driven by the leadscrew must move a distance = 25.0 cm at a feed 
rate = 75 cm/min. Delermine (a) the number of pulses required to move the table, (b) the 
required motor speed, and (c) the pulse rate to achieve the desired tablc speed. 

6-28 A componeni insertion machinc takes 2.0sec to put a component into a printed Circuit (PC) 
board, once the board has beer positioned under the insertion head. The x-y table that po¬ 
sitions the PC board uses a stepper motor direetly linked to a leadscrew for each axis. The 
leadscrew has a pitch = 5.0 mm. The motor step angle = 7.2 degrees and the pulse train 
frequency = 400 Hz TV/o components are placed on the PC board, one each at positions (25, 
25) and (50,150), where coordinates are in millimeters. The sequence of positions is (0,0), 
(25,25),<50.150), (0,0).Time required to unload the completed board and load the uext blank 
onto the machine table = 5.0 sec. Assume that 0.25 sec. is lost duc to acceleration and de- 
celeration on each move. What is the hourly production rate for this PC board? 

Analysis of Closed-Loop Positioning Systams 

6.29 A dc servomotor is used to drive one of the table axes of an NC milling machine. The motor 
is coupled dircctly to the leadscrew for the axis, and the leadscrew pitch = 5 mm. The Opti¬ 
cal encoder attached to the leadscrew emits 500 pulses per revolution of Ihe leadscrew.The 
motor rotates at a normal speed of 300 rev/min. Determine (a) the control resolution of the 
system, expressed in linear travel distance of the table axis, (b) the frequency of the pulse train 
emitted by the optical encoder when the servomotor operates at full speed, and (c) the trav¬ 
el rate of the table at normal revolutions per minute of the motor. 

6.30 In Problem 6.3. the axis corrcsponding to the feed rate uses a dc servomotor as the drive unit 
and an optical encoder as the feedback sensing device. The motor is geared to the iead- 
screw with a 10:1 reduction (10 tums of the motor for each tum of the leadscrew). If the 
leadscrew pitch = 5 mm, and ihe optical encoder emits 400 pulses per revolution, detei- 
mine the rotationa] speed of the motor aird the pulse rate of the encoder to achieve the 
feed rate indicated. 

6.31 The worktable of an NC machine is driven by a dosed-loop positioning system that consists 
of a servomotor, leadscrew, aDd optical encoder.The leadscrew pitch = 4 mm and is coupled 
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directiy to thc motorshaft (gear ratio = 1: l).The Optical encoder generates 225 pulses per 
motor revohition.Tbe table has bccn programmed to move a distance of 200 mm at a fccd 
rate = 450 mm/min. (a) How many pulses are received by the Control system to verify that 
the table has moved the programmed distance? What are (b) the pulse rate and (c) the motor 
speed that correspond to the specified feed rate? 

6-32 A NC machinc tool table is powered by a scrvomotoi. Icadscrcw, and Optical encoder. The 
tcadscrcw has a pitch = 5.0 mm and is connected to the motor shaft with a gear ratio of 
16:1 (16 tumsof the motor for each turn of the leadscrew).The optical encoder is connected 
directiy to thc Icadscrew and generates 200 pulses/rev of the leadscrew. The table musi 
move a distance = 10(1 mm at a feed rate = 500 mm/min. Determinc (a) the pulse count re- 
ceived by the Control system to verify that the table has moved exactiy 100 mm and (b) the 
pulse rate and (c) motor speed that correspond to the feed rate of 500 mm/min. 

6.33 Same as previous Problem 6.32,except that the optical encoder is directiy coupled to the 
motor shaft rather than to thc leadscrew. 

6.34 A leadscrew coupled directiy to a dc servomotor is used to drive one of the table axes of an 
NC milling machine.The Icadscrcw has 2.5 threads/cm.The optical encoder attached to the 
leadscrew emits 100 pulses/rev of the leadscrew.The motor rotates at a maximum speed of 
800 rev/min. Determine (a) the control resolution of the system, expressed in linear travel 
distance of the table aris; (b) the frequency of the pulse train emitted by the optical encoder 

when tho servomotor operates at maximum speed; and (c) th» travel speed of the table at 

maximum motor speed. 

6-JS Solve previous Problem 6.34, only the servomotor is connected to the leadscrew through a 
gear box whose reduclion ratio = 10:1 (10 revolutions of the motor for each revolution of 
the leadscrew). 

6.36 A milling operation is performed on an NC machining center.Total travel distance - 300 mm 
in a dircction parallel to one of the axes of the worktable. Cutting speed = 1.25 m/sec and 
chip load - 0.05 mm. The end milling cutler has four teeth and its diameter = 20.0 mm. 
The axis uses a dc servomotor whose output shaft is coupled to a leadscrew with 
pitch - 6.0 mm. The feedback sensing device is an optical encoder that emits 250 pulses per 
revolution. Determine (a) the feed rate and time to complete the cut, (b) the rotational 
speed of the motor, ard (c) the pulse rate of the encoder at the leed rate indicated. 

6.37 Adc servomotor drives the x-axis of an NCraillingmachine table. The motor is coupled di¬ 
rectiy to the table leadscrew, whose pitch = 6.25 mm. An optical encoder is connected to the 
leadscrew using a 1:5 gear ratio (one tum of the leadscrew converts to 5 lurns of the encoder 
disk).The optical encoder emits 125 pulses per revolution. To execute a certain programmed 
instruction, the table must move from point ix = 87.5 mm. y = 35.0) to point (x = 25.0 mm, 
y “ 130 0 mm) in a straight-line trajectory at a feed rate = 200 mm/min. Determine (a) the 
control resolution of the system for the x-axis, (b) the rotational speed of the motor, and 
(c) the frequency of the pulse train emitted by the optical encoder at the desired feed rate. 


Resolution and Accuracy of Positioning Systems 

6J8 A two-axis NC system is used to control a machine tool table uses a bit storage capacity of 
16 bits in its control memory for each axis. The range of the x-axis is 600 mm and the range 
of the y-axis is 500 mm. The mechanical accuracy of the raachine table can be represented 
by a normal distribution with standard deviation = 0.002 mm for both axes. For each axis of 
the NC system.determine (a) the control resolution, (b) the accuracy, and (c) the repeatability. 

6J9 Stepping motors are used to drive thc two axes of an insertion machine used for electronic 
assembly. A printed Circuit board is mounted on the lable. which must be positioned accu- 
rately for reliabie insertion of components into the board. Range of each axis = 700 mm.The 
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leadscrew used to drive each of the two axes has a piteh of 3.0 mm.The inherent mechani- 
cal errors in the tablc positioning can be charactemed by a normal distribution with stan¬ 
dard deviation = 0.005 mm. If the required accuracy for the table is 0.04 mm, determine 
(a) the number of step anglcs that the stepping motor must have and (b) how many bils are 
rcquired ir, the control memory for each axis to uniquely idenlify each control position. 

6.4(1 Refernng back to Problem 6.26, the mechanical inaccuracies in the open-loop positioning 
system can be dcscribed by a normal distribution whose standard deviation = 0.005 mm. The 
range of the worktable axis is 500 mm, and there are 12 bits in the binary register used by 
the digital controller to store the programmed position. For the positioning system, deter¬ 
mine (a) the control resolution, (b) the accuracy, and (c) the repeatahility. (d) What is the min¬ 
imum number of bits that the binary register should have so that the mechanical drive system 
becomcs the limitingeomponent on control resolution? 

6.41 The positioning table for a componcnt insertion machine uses a stepping motor and lead¬ 
screw mechanism. The design specifications require a table speed of 0.4 m/sec and an ac¬ 
curacy - 0.02mm.Thepitchoflhelead-screw « 5.0mm, and the gear ratio - 2:1(2 turns 
of the motor for each turn of the lcad-screw). Tbc mechanical errors in the motor, gear box. 
lead-screw.and table connection are characterircd by a normal distribution with standard 
deviation = 0.0025 mm. Determine (a) the minimum number of step angles in the stepping 
motor and (b) the frequency of the pulse train rcquired lo drive the table at the desired 
maximum speed. 

M2 The two axes of an x-y positioning table are each driven by a stepping motor connected to 
aleadscrew with a 10:1 gear reduction. The number of step angles on each stepping motor 
is 20. Each leadscrew has a pitch = 4.5 mm and provides an axis range = 300 mm. There are 
16 biis in each binary register used by the controller to store position data for the I wo axes. 
(a) What is the control resolution of each axis? (b) What are the required rotational speeds 
and corresponding pulse train frequencies of each stepping motor to drive the table at 
500 mm/mm in a straight line from point (30, 30) to point (100.200)? Ignorc acceleration 
and deceleration. 


APPENDIX APT WORD DEFINITIONS 

ATANGL At angle (descriptive data). The data that follows this APT word is an angle, 
specified in degrees. See LINE. 

CENTER Center (descriptive data). The data that follows this APT word specifies the 
location of the center of a circle or circular are. See CIRCLE. 

CIRCLE Circle (geometry type). Used to define a circle in the x-y plane. Methods of de¬ 
finition include: 

1. Using the coordinates of its center and its radius (see Figure A6.1): 

Cl = CIRCLE/CENTER, 100,50,0, RADIUS, 32 

2. Using the point identifying its center and its radius (see Figure A6.1): 

Cl = CIRCLE/CENTER, PI, RADIUS, 32 

3. Using the point identifying its center and a line to which it is tangent (see Figure A6.1): 

Cl = CIRCLE/CENTER, PI, TANTO, LI 
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0 25 »” 75 100 125 1 50 175 x 


Flgure A6.1 Defining a circle. 
y* 



Figur« A6.2 Defining a circle using two intersecting lines. 

4. Using three points on its circumference {see Figure A6.1): 

Cl = CIRCLE/P2, P3, P4 

5. Using two intersecting lines and the radius of the circle (see Figure A6.2): 

C2 = CIRCLE/XSMALL,L2,YSMALL.L3, RADIUS, 25 
C3 = CIRCLE/YLARGE, L2.YLARGE, L3, RADIUS, 25 
C4 = CIRCLE/XLARGE, L2, YLARGE, L3, RADIUS,25 
C5 = CIRCLE/YSMALL, L2. YSMALL, L3. RADIUS, 25 

CLPRNT Cutter location print (auxiliary statement). Used to obtain a computer print - 
out af the cutter location sequence. 

COOLNT Coolant (postprocessor statement). Actuates various coolant options that may 
be available on the machine tool; also turns coolant off. Examples: 
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COOLNT/M1ST (corresponds to M007) 

COOLNT/FLOOD (corresponds to M008) 

COOLNT/OFF (corresponds to M009) 

CUTTER Cutter (postprocessor statement). Defines cutter diameter and other cutting 
tool dimensions rcquircd in cutter offset calculations. Examples: 

1. Flår two axis profile milling, only cutter diameter is required, specified here in mm (see 
Figure A6.3a): 


CUTTER/20 

2. For three-axis contouring, the diameter and corner radius are required (see Figure 
A6.3b); additional parameters are required forsorne cutter geometries (not shown here). 

CUTTER/20,5 

DELAY Delay (postprocessor command). Used to delay the machine tool operation by 
a certain period of time, spccificd in seconds. For example, the following command 
would cause a delay of 5 seconds: 


DELAY/5 

END End (postprocessor statement). Stops the program at the end of a section, tum- 
ing off spindle rotation and coolant, if applicable (corresponds to a M02 or M30). 
Meaning may vary between machine tools.To continue program, a FROM state¬ 
ment should be used. 

FEDRAT Feed rate (postprocessor statement). Used to specify feed rate. Methods of 
specification include: 

1. Feed rate given in units per miniile (indies or mm, depending on units specification 
given in UNITS statement), here specified as 120mm/min: 

FEDRAT/120, IPM (corresponds to G94 F120 or G98 F120) 


1 —i— 1 

UU 




ufcj 


Figure A6.3 Cutter definition for a 
20 mm diameter milling cutter: (a) where 
comer radius is zero, (b) where corner 
radius = 5 mm. 



Appendix / APT Word Definitions 


199 


2. Feed rate given in units per revolution (inches or mm, depending on units specifica- 
tion given in UNITS statement), here specified as 0.2 mm/rev. 

FEDRATÆJ, IPR (corresponds to G95 F0.2 or G99 F0.2) 

FINI Finish (auxiiiary statement). Indicates the end of the AF I program. Must be the last 
word in the APT program. 

FROM From the starting location (motion startup command). Used to specify the start¬ 
ing location of ihe cutter, from which subsequent tool motions are referenced. This 
starting location is defined by the part programmer and set up on the machine tool 
by the machine operator when the program is executed.The FROM statement itself 
results in no tool motion. Methods of specification: 

1. Ustng a previously defined starting point (PTARG): 

FROM/PTARG 

2. Using the coordinates of the startinR point, specified here in mm: 

FROM/O,-50,10 

GO Go (motion startup command in contouring). Used to position the cutter from the 
starting location against the drive surface, part surface, and check surface. In the fol- 
lowing statement, the starting drive surface is PLI, the starting part surface is PL2, and 
the check surface is PL3. 

GO/TO, PLI,TO, PL2, TO. PL3 

GOBACK Go back (contouring motion command). Used to move the tool backwards rel¬ 
ative to its previous direction of movement.The following statement directs the tool 
to move along drive surface PL3 in a direction that is generally backwards relative 
to the direction of molion execuied in the previous motion command. The motion is 
checked by surface PL4. 


GOBACK/PL3, PAST, PL4 

GODLTA Go delta (potnt-to-point motion command). Used to move the tool inere- 
mentally from its current location. Commonly used to perform drilling operations. In 
the following statement, the tool is instructed to move from its present position 0 mm 
in the .»-direction, 0 mm in the y direction, and —35 mm in the z direction. 

GODLTA/0,0,-35 

GODOWN Go down (contouring motion command). Used to move the tool down rel¬ 
ative to its previous direction of movement. See GOBACK for formal. 

GOFWD Go forward (contouring motion command). Used to move the tool forward 
relative to its previous direction of movement See GOBACK for format. 
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GOLFT Go left (contouring motion command). Used to move the tool to the left rela¬ 
tive to its pievious direction of movement. See GOBACK for format. 

GORGT Go right (contouring motion command). Used to move the tool to the right 
relative to its previous direction of movement. See GOBACK for format. 

GOTO Go to (point-to-point motion command). Used to move the tool to a specified 
point location. Methods of specification: 

1. By naming a previously deftned point'. 

GOTO/PI 

2. By defining the coordinates of the point: 

GOTO/25,40,0 

GOUP Go up (contouring motion command). Used to move the tool upward relative to 
its previous direction of movement. See GOBACK for format. 

INTOF Intersection of (descriptive data). Used to indicate the intersection of two geo- 
metric elements. Examples: 

L Defining a point PI by the intersection of two lines, LI and L2: 

PI = POINT/INTOF, LI. L2 

2. Defining a line LI by the intersection of two planes, PLI and PL2: 

Ll=»LlNE/INTOF, PLI, PL2 

INTOL Inward tolerance (postprocessor statement). Indicates the maximum allowable 
inward deviation between a deftned curved surface and the straight line segments 
used to approximate the curve (see Figure A6.4). In the following example, the inward 
tolerance is set at 0.02 mm: 


INTOL/0.02 



Figure A6.4 Definition of INTOL (inward tolerance). 
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See OU'iTOL and TOLER. INTOL and OUTTOL can be used together to specify 
allowable inward and outward tolerances. 

IPM Feed specirication in inches or mm per minute (descriptive data). Used in conjunc- 
tion with FEDRAT. Originally, IPM denoted inches per minute; howevcr, it is now 
used for both inches per minute and mm per minute, which must be specified with a 
UNITS couiuiand. 

IPR Feed specifieation in inches or mm per revolution (descriptive data). Used in con- 
junction with FEDRAT. Originally. IPM denoted inches per revolution; however, it 
is now used for both inches per revolution and mm per revolution, which must be 
specified with a UNITS command. 

LEFT Lefl (descriptive data). Indicates which of two alternatives, left or right, is applic- 
able for the data that follows this APT word. See LINE. 

LINE Line (geometry type). Used to define a line. The line is interpreted in APT as a 
plane that is perpendicular to the x-y plane Methods of definition include: 

1. Using the coordinates of two points through which the line passes (see. Figure A6.5): 

LI = LINE/20,30,0,70,50,0 

2. Using two previously defined points (see Figure A6.5): 

LI = LINE/PI, P2 

3- Using a point and a circle to which the line is tangent (see Figure A6.6). In the fol- 
lowing statements, the descriptive words LEFT and RIGHT are used by lookingfrom 
the first named point PI toward the circle: 
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Figure A6.7 Defining a line using a point and the x-axis or another line. 


LI = LINE/PI, LEFT, TANTO, Cl 
L2 = LINE/PI. RIGHT,TANTO. Cl 

4. Using a point and the angle of the line with the x-axis or some other line (see 
Figure A6.7): 

L3 = LINE/PI, ATANGL, 20, XAX1S 
L4 = LINE/PI, ATANGL, 30, L3 

5. Using a point and parallelism or perpendicularity to some other line or to an axis. Ex- 
amples (see Figure A6.8): 

L5 = LINE/P2, PARLEL. L3 
L6 = LINE/P2, PERPTO, L3 
L7 = LINE/P2, PERPTO, XAXIS 



Figure .46.8 Defining a line using a point and parallelism or per¬ 
pendicularity to another line. 
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Figure A6.9 Defining a line using its tangency 10 two circles. 


6. Using :wo circles to which the line is tangent (see Figure A6.9). In the following ex 
amples, the descriptive words LEFT and RIGHT are used by looking from the First 
named circlc toward the second circle: 

L8 = L1NE/LEFT,TANT0,C3, LEFT,TANTO. C4 
1.9 = LTNE/LEFT, TANTO. C3, RIGHT, TANTO, C4 
LIO = LINE/RIGHT. TANTO, C3, LEFT, TANTO, C4 
Lll = LINE/RIGHT,TANTO,C3, RIGHT,TANTO,C4 

LOADTL Load tool (postprocessor command). This command causes a tool change or 
a machine tool equipped with automatic tool changer. Descriptive data identifying the 
tool must be included. In the following example.tool number 14 in the tool storage 
drum is to be loaded into the spindle; the tool presently in the spindle must be stored 
back into the tool drum during actuation of the tool changer. 

LOADTL/14 

MACHIN Machine (auxiliary statement). Used to specify the postprocessor and ma¬ 
chine tool. This statement usually follows the PARTNO statement. See PARTNO 
In the Following statement, MILL54 is the name of the postprocessor program, and 
number 66 identifies the machine tool selected by the part programmer to run the job: 

MACHIN/MILL54,66 

ON On (motion modifier word). One of four motion modifier words to indicate the po¬ 
sition relative to a specified surface (usually the check surface) where the cutter mo¬ 
tion is :o be terminated (see Figure 6.21 in main chapler). See other motion modifier 
words are TO, PAST, and TANTO. 

OUTTOL Outward tolerance (postprocessor statement). Indicates the maximum al- 
lowable outward deviation between a deftned curved surface and the straight line 
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Figure A6.10 Definition of OUTi OL (outward tolerance). 


segments used to approximatc the curve (see Figure A6.10). In the following exam- 
pie, the outward tolerance is specified as 0.02 mm: 

OUTTOL/O.02 

See INTOI, and TOLER. INTOL and OUTTOLcan be used together to spedfy al- 
lowable inward and outward tolerances. 

PARLEL Parallel (descriptive data). Used to define a line or plane as being parallel to 
another line or plane. See LINE and PLANE. 

PARTNO Part number (auxiliary statement). Used at the beginning of an APT part pro¬ 
gram (generally the first statement) lo identify the program. It is not followed by a 
slash. Example: 


PARTNO MECHANISM PLATE 46320 
PAST Past (motion modifier word). See ON. 

PERPTO Perpendicular lo (descriptive dau). Used to define a line or plane as being 
perpendicular to another line or plane. See LINE and PLANE. 

PLANE Plane (geometry type). Used to define a plane. Methods of definition include: 

1. Using three points that do not lie on the same straight line (see Figure A6.ll): 

PLI = PLANE/PI. P2,P3 

2. Using a point and parallelism to another plane (see Figure A6.12)-. 

PL2 = PLANE/P4, PARLEL, PLI 

3. Using two points and perpendicularity to another plane (see Figure A6.13): 


PL3 = PLANE/P5, P6, PFRPTO, PLI 
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Figure A6.11 Dcfining a plane using three points. 


Figure A6.12 Defining a plane using a point and parallelism to an¬ 
ot her pi ane. 



POINT Point (geometry type). Used to define a point. Methods of definition inciude: 


1. Using its x, y.and z coordinates (see Figure A6.14): 

PI = POINT/80,40,0 
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Figure A6.13 Defining a plane using two points and perpendicu- 
larity to another plane. 



Figure A6.14 Defining a point using its x, y, and z coordinates. 

2. Using the intersection of two lines (see Figure A6.14): 

PI - POINT/INTOF, LI, L2 

3. Using the intersection of a line and a circle (see Figure A6.15): 

P2 = POINT/YLARGE, INTOF, L3, C2 
P3 = POINT/XLARGE. INTOF, L3.C2 

Note that these points could also be defined using the words YSMALL and XSMALL; 
that is: 
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Figure A6.15 Defining a point using intersections of lines and circles. 


P2 = POINT/XSMAI.1INTOF, 1.3, Cl 
P3 = POINT/YSMALL. INTOF, L3, C2 

4. Using two intersecting circles (see Figure A6.15): 

P4 = POINT/YLARGE, INTOF, Cl, C2 
P5 = POINTYYSM ALL, INTOF, Cl, C2 

5. Naming thc center of a circle, where the drclc has been previously been defined with- 
out using the center in the definition (see Figure A6.15): 

P6 = POINT/CENTER, Cl 

6. Using the intersection of a circle and a radial line defined by an angle (see Figure A6.15): 

P7 = POINT/C2, ATANGL, 45 

RADIUS Radius (descriptive data). Used to indicate the radius of a circle. See CIRCLE. 

RAPID Rapid traverse feed (motion command). Used for rapid point-to-point move- 
ment of cutting tool (corresponds to GOO in word address format). The command ap- 
plies to all subsequent motion commands, until superseded by a FEDRAT 
specification. 

REMARK Remark (auxiliary statement). Used to insert a comment, which is not inter- 
preted by the APT processor. No slash is used to separate REMARK from the com¬ 
ment thal follows it. Example: 


REMARK The following statements define geometry elements. 
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RIGHT Right (descriptive data). Indicates which of two alternatives, left or right, is ap- 
plicable for the data that follows this APT word. See LINE. 

SPINDL Spindle (postprocessor command).Turns on the spindle at a specified rotational 
speed; also, tums the spindle off. Must be followed by descriptive data. Applications: 

1. Tum spindle on at specified rpm in a clockwise direction: 

SPINDLE/1000, CLW (corresponds to SlOOO M03) 

2. Thrn spindle on at specified rpm in a counterclockwise direction: 

SPINDLE/750.CCLW (corresponds to S750 M04) 

3. Turn spindle off. 


SPINDLE/OFF (corresponds to M05) 

STOP Stop (postprocessor command) Tfemporarily stops the execution of the program 
(corresponds to M00). L'sed for manually changing the cutter, making adjustments in 
the setup, changing damps on the fixture, inspecting the part, and so forth. Program 
execution resumes when the operator depresses the start bulton on the machine tool 
controller. 

TANTO Tangent to (descriptive data or motion raodifier word). Two uses: 

1. As descriptive data, TANTO is used to indicate the tangency of one geometric ele¬ 
ment to another. See CIRCLE and LINE. 

2. As a motion modifier word.TANTO is used to terminate the tool motion at the point 
of tangency between the drive surface and the check surface, when either or both of 
these surfaces are circular (see Figure 6.22 in main chapter). 

TO To (motion modifier word). See ON. 

TOLER Tolerance (postprocessor command). Used to specify the outward tolerance 
when the inward tolerance is zero. See OUTTOL. 

TURRET Tiirret (postprocessor statement). Used to specify the turret position on a tur¬ 
ret lathe or drili or to call a sperific tool from an automatic tool changer. 

Example: 

TURRET/T3 

UNITS Units specification (postprocessor command). Used to specify inches or mm as 

the units used in programming.The units can be changed during the program.The two al¬ 
ternative commands are: 

1. Units specified as inches: 


UNITS/IN CHES (corresponds to G20) 
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2. Units specified as millimeters: 

UNTTS/MM (corresponds to G21) 

XAXIS X-axis (descriptive data). Used to identify x-axis as a reference line. 

XLARGE Larger of two alternative x-axis locations (descriptive data). Used to indicate 
the position of one geometric element relative to another when there are two possi- 
ble alternatives. 

XSMALL Smaller of two alternative x-axis locations (descriptive data). See XLARGE. 
YAXIS Y-axis (descriptive data). Ilsed to identify y-axis as a reference line. 

YLARGE Larger of two alternative y-axis locations (descriptive data). See XLARGE. 
YSM ALL Smaller of two alternative y-axis locations (descriptive data). See XLARGE. 
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An industrial robot is a general-purpose, programmable machine possessing certain an- 
thropomorphic characteristics.The most obvious anthropomorphic characteristic of an in¬ 
dustrial robot is its mechanical arm, that is used to perform various industrial tasks. Other 
human-like characteristics are the robot's capability to respond to sensory inputs, com- 
municate with other machines, and make decisions. These capabilities permit robots to 
perform a variety of uscful tasks. The development of robotics technology followed the 
devetopmeni of numencal control (Historical Note 7.1), and the two technologies arequite 
similar.They bolh involve coordinated control of multiple axes (the axes are called joints 
in robotics), and they both use dedicated digital computers as controllers. Whereas NC ma¬ 
chines are designed to perform specific processes (e.g., machining, sheetmctal hole punch- 
ing,and thermal cutting), robots are designed for a wider variety of tasks. TVpical production 
applications of industrial robots include spot welding, material transfer, machine (oading, 
spray painting, and assembly. 

Reasons for the commercial and technological importance of industrial robots in¬ 
clude the following: 

• RoboLscan be substituted for humans in hazardous or uncomfortable work environments. 

• A robot performs its work cycie with a consistency and repeatabiiity that cannot be 
attained by humans. 

• Robots can be reprogrammed. When the production run of the currcnt task is com¬ 
pleted, a robot can be reprogrammed and equipped with the necessary tooling to 
perform an altogether different task. 

• Robots are controlled by computers and can therefore be connected to other com¬ 
puter systems to achievc computer integrated manufacturing. 


Historical Note 7.1 A short history of industrial robots [6] 

The word "robot" entered the English language through a Czechoslovakian play titled Rossum's 
Universal Robots, written by Karel Capek in the early 192Os. The Cr.ech word “robota" means 
forced worker. In the English translation, the word was converted to “robot."The story line of 
the play centers around a scicntist named Rossum who invents a Chemical substance similar 
tu proioplasm and uses it to produce rubots.The scientisfs goal is for robots to serve humans 
and perform physical labor. Rossum continues to make improvemems in his invention, ulti- 
mately perfeeling it.These "perfeet beings" begin to resent their subservient role in society and 
turn against their masters, killing off all human life. 

Rossum's invention was pure science fiction (at least in the 1920s; however, advances in 
the modern field of biotechnology may ultimately be capable of producing such robotic beings). 
Our short history must also include mention of two real invemors who made original contri- 
butions to the technology of industrial robotics. The first was Cyril W. Kenward. a British in- 
ventor whe devised a manipulator that moved on an x-y-z axis system. In 1954, Kenward 
applied for a British patent for his robotic device, and the patent was issued in 1957. 

The second inventor was an American named George C. Devot. Devol is credited with 
two inventions related to robotics.The first was a device for magnetically recording electrical 
signals so that the signals could beplayed back to control the operation of machinery.This de¬ 
vice was invenied around 1946, and a U.S. patent was issued in 1952. The sccond invention was 
a robotic device developed in the 1950s. that Devol called "Prngrammed Article Transfer." 
This device was intended for parts handling.The U.S. patent was finally issued in 1961. It was 
a rough prototype for the hydraulically driven robots that were later built by Unitnation, Inc. 
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Although Kenward’s robot was chronologically the first {at least in terms of patent date), 
Devol’s proved ultimately to be far more important in the developmenl and commercializa- 
lion of robotics cechnology. The reason for this was a catalyst in the person of Joseph Engel¬ 
berger. Engelberger had graduated with a degree in physics in 1949. As a student, he had read 
science fiction novels about robots. By the mid-l950s. he was working for a company that made 
control systems for jet engmes. Hence. by the time a chance meeting occurred between En¬ 
gelberger and Devot in 1956, Engelberger was "predisposed by cducation, avocation, and oc- 
cupation toward the notion of robotics." 1 The meeting took place al a cocktail party in Fairfteld, 
Connecticut. Devol described his programmed article transfer invention to Engelberger, and 
they subscqucr.tly began considering how to develop the device as a commcrcial product for 
industry. In 1962, Unimation, Inc. was founded, with Engelberger as president. The name of the 
cottlpany's first product was “Unimate,” a polar configuration robot. The first application of a 
Unimate robot was for unloading a die casting machine at a Ford Motor Company plant. 


' This quote was too good to resisi. II was borrowed from Groover et al ..Induslrial Robolics: Technology, 
Programming, and Applications [6J. 


7. 1 ROBOT ANATOMY AND RELATED ATTRIBUTES 

The manipulator of an industrial robot is constructed of a series of joints and links. Robot 
anatomy is concemed with the types and sizes of these joints and links and other aspects 
of the manipulator’s physicat construction. 

7.1.1 Joint« and Link« 

A joint of an industrial robot is similar to a joint in the human body: It provides relative 
motion between two parts of the body. Each joint, or axis as it is sometimes called, provides 
the robot with a so-called degree-of-freedom (d.of.) of motion. In nearly all cases, only one 
degree-of-freedom is associated with a joint. Robots are often classified according to the 
total number of degrees-of-freedom they possess. Connected to each joint are two links, an 
input link and an output link. Links are the rigid components of the robot manipulator.The 
purpose of the joint is to provide controlled relative movcment between the input link and 
the output link. 

Most robots are mounted on a stationary base on the floor. Let us refer to that base 
and its connection to the first joint as link 0. It is the input link to joint 1, the first in the se¬ 
ries of joints used in the construction of the robot. The output link of joint 1 is link 1. Link 
1 is the input link to joint 2, whose output link is link 2. and so forth. This joint-link num- 
bering scheme is illustrated in Figure 7.1. 

Nearly all industrial robots have mechanical joints that can be classified into one of 
five types: two types that provide translational motion and three types that provide rotary 
motion. These joint types are illustrated in Figure 7.2 and are based on a scheme described 
in [6], The five joint types are: 

(a) Linear joint (type L joint).The relative movement between the input link and the out¬ 
put link is a translational sliding motion, with the axes of the two links being parallel. 

(b) Onhogonal ]omt (type O joint). This is also a translational sliding motion, but the 
input and output links are perpendicular to each other during the move. 
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Hgure 7.1 Diagram of robot construction showing how a robot is 
made up of a series of joint-link combinations. 




Figure 12 Five types of joints commonly used in industrial robot 
construction: (a) linear joint (type L joint), (b) crthogonal joint (type 
O joint), (c) rotational joint (type R joint), (d) twisting joint (type T 
joint), and (e) revolving joint (type V joint). 
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(c) Rotationat joint (type R joint). This type provides rotational relative motion, with 
ihe axis of rotation perpendicular to the axes of the input and output links. 

(d) Itvisting joint (typeT joint).This joint also involves rotary motion, but the axis of ro¬ 
tation is parallel to the axes of the two links. 

(e) Revotvmg joint (type V joint, V from the "v r in re vol ving). In this joint type, the axis 
of the input link is parallel to the axis of rotation of the. joint, and the axis of the out¬ 
put link ts perpendicular to the axis of rotation. 

Each of these joint types has a range over which il ean be moved.The range for a transla¬ 
tional joint is usually iess than a meter. The three types of rotary joints may have a range 
as small as a few degrees or as large as several complete turns. 

7.1.2 Common Robot Configurations 

A robot manipulator can be divided into two sections: a body-and-arm assembly and a 
wrist assembly. There are usually three degrccs-of-freedom associated with the body-and- 
arm, and either two or three degrees-of-freedom associated with the wrist. At the end of the 
manipulators wrist is a device related to the task that must be accomplished by the robot. 
The device.called an end effeetor (Section 7.3), is usually either (1) a gripper for holding a 
workpart or (2) a tool for performing some process-The body-and-arm of the robot is used 
to position the end effeetor. and the robot’s wrist is used to orient the end effeetor. 

Body-and-Arm Configurations. Given the ftve types of joints defined above, there 
are 5 >5x5 = 125 different combinations of joints that can be used to design the body- 
and-arm assembly for a three-degree-of-freedom robot manipulator. In addition, there ate 
design variations within the individual joint types (e.g.. physical size of the joint and range 
of motion). It is somcwhai remarkable, therefore.that there are only five basic configura¬ 
tions commonly available in commercial industrial robots. 2 These five configurations are: 

1. Polarconfiguration. This configuration (Figure 7.3) consists of a sliding arm (Ljoint) 
actuated relative to the body, that can rotate about both a vertical axis (T joint) and 
a horizontal axis (R joint). 

2. Cylintlrical configuration. This robot configuration (Figure 7.4) consists of a vertical 
column, relative to which an arm assembly is moved up or down. The arm can be 
moved in and out relative to the axis of the column. Our figure shows one possible 
way in which this configuration can be constructed, using a T joint to rotate the col¬ 
umn about its axis. An 1. joint is used to move the arm assembly vertically along the 
column, while an O joint is used to achieve radial movement of the arm. 

3. Cartesian coordinate robot. Othcr names for this configuration indude rectilinear 
robot and x-y-z robot . As shown in Figure 73, it is composed of three sliding joints, 
two of which are orthogonal. 

4. Jointed-arm robot. This robot manipulator (Figure 7.6) has the general configuration 
of a human arm. The jointed arm consists of a vertical column that swivels about the 
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Figure 7.3 Polar coordinate body-and-arm Figure 7.4 Cylindrical body-and-arm assembly. 

assembly. 



Figure 7.5 Cartesian coordinate bodv-and-arm Figure 7.6 Jointed-arm body-and-arm assembly. 

assembly. 


base using a T joint. At the top of the column is a shoulder joint (shown as an R joint 
in our figure), whose output link connects to an elbow joint (another R joint). 

5. SCARA. SCARA is an acronym for Selective Compliance Assembly Sobot Arm. 
This configuration (Figure 7.7) is similar to the jointed arm robot except that the 
shoulder and elbow rotational axes are vertical, which means that the arm is very 
rigid in the vertical dircction. but compliant in the horizontal direction.This permits 
(he robot to perfonn insertion tasks (for assembly) in a vertical direction, where some 
side-to-side alignment may bc needed to mate the two parts properly. 
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Figure 7.7 SCARA body-and-arm 
assembly. 



Yaw 


Figure 7.8 lypical configuration of a three-degree-of- 
freedom wrist assembly showing roli, pitch, and yaw. 


Wrist Configurations. The robot's wrist is used to establish the orientation of the 
end effector. Robot wrists usually consist of two or three degrees-of-freedom. Figure 7.8 
illustrates one possible configuration for a three-degree-of-freedom wrist assembly. The 
three joints are defined as: (1) roil, using a T joint to accomplish rotation about the robot's 
arm axis; (2) pitch, which involves up-and-down rotation, typically using a R joint; and 
(3) yaw, which involves right-and-left rotation, also accomplished by means of an R-joint. 
A two-d.o.f wrist typically includes only roil and pitch joints (T and R joints). 

To avoid confusion in the pitch and yaw definitions, the wrist roil should be assumed 
in its center position, as shown in our figure. To demonstrate the possible confusion, con- 
sider a two-jointed wrist assembly. With the roil joint in its center position, the second joint 
(R joint) provides up-and-down rotation (pitch). However, if the roli position were 90 de- 
grees from center (either clockwise or counterclockwise), the second joint would provide 
a right-left rotation (yaw). 

The SCARA robot configuration (Figure 7.7) is unique in that it typically does not 
have a separate wrist assembly. As indicated in our description, it is used for insertion type 
assembly operations in that the insertion is made from above. Accordingly, the orientation 
requirements are minimal,and the wrist is therefore not needed. Orientation of the object 
to be inserted is sometimes required, and an additional rotary joint can be provided for this 
purpose. The other four body-and-arm configurations possess wrist assemblies that almost 
always consist of combinalions of rotary joints of lypes R andT. 

Joint Notation System. The letter symbols for the five joint types (L, O, R,T, and 
V) can be used to define a joint notation system for the robot manipulator. In this notation 
system, the manipulator is described by the joint types that make up the body-and-arm as¬ 
sembly, followed by the joint symbols that make up the wrist. For example, the notation 
TLR: TR represents a five degree-of-freedom manipulator whose body-and-arm is made 
up ofa twisting joint (joint 1 = T),a linear joint (joint 2 = L), and a rotational joint (joint 
3 = R).The wrist consists of two joints, a twisting joint (joint 4 = T) and a rotational joint 
(joint 5 = R). A colon separates the body-and-arm notation from the wrist notation. iyp 
ical joint notations for the five common body-and-arm configurations are presented in 
Table 7.1. Common wrist joint notations areTRR and TR- 
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TABLE 7.1 Joint Notations for Five Common Robot Body-and-Arm Configurations 


Body-and-Arm 

Joint Notation 

Alternative 

Configurations 

Polar 

TRL (Figure 7.3) 


Cylindrical 

TLO (figure 7.4) 


Cartesian coordinate 

LOO (Figure 7.51 

000 

Jointed arm 

TRR (Figure 7.6) 

WR 

SCARA 

VRO (Figure 7.71 



Not«: In some cases, more than one joint notation is given because the contiguration can be constructed 
using mo-e than one senes of joint typas 


Work Volume. The work volume (the term workenvelope is also used) of the ma¬ 
nipulator is defined as the envelope or Space within which the robot can manipulate the end 
of its wrist. Work volume is determined by the number and types of joints in the manipu¬ 
lator (body-and-arm and wrist), the ranges of the various joints, and the physical sizes of 
the links. The shape of the work volume depends largely on the robot's configuration. A 
polar configuration robot tends to have a partial sphere as its work volume, a cylindrica) 
robot has a cylindrica) work envelope, and a Cartesian coordinate robot hus u rectangular 
work volume. 

7.1.3 Joint Drive Systems 

Robot joints are actuated using any of three possible types of drive systems: (1) electric, 
(2) hydraulic, or (3) pneumatic. Electric drive systems use electric motors as joint aeluators 
(e.g., servomotors or stepping motors, the same types of motors used in NC positioning 
systems, Chapter 6). Hydraulic and pneumatic drive systems use devices such as linear pis¬ 
tons and rotary vane actuators to accomplish the motion of the joint. 

Pneumatic drive is typically limited to smaller robots used in simple material trans¬ 
fer applications. Electric drive and hydraulic drive are used on more-sophisticated indus¬ 
trial robots. Electric drive has become the preferred drive system in commercially available 
robots, as electric motor tcchnology bas advanced in recent years. It is more readily adapt- 
able to computer Control, which is the dominant technology used today for robot con¬ 
trollers. Electric drive robots are relatively accurate compared with hydraulically powered 
robots. By contrast, the advantages of hydraulic drive include greater speed and strength. 

The drive system, position sensors (and speed sensors if used), and feedback control 
systems for the joints determine the dynamic response characteristics of the manipulator. 
The speed with which the robot can achieve a programmed position and the stability of its 
motion are important characteristics of dynamic response in robotics. Speed refers to the 
absolute velocity of the manipulator at its end-of-arm.The maximum speed ofa large robot 
is around 2 m/sec (6 ft/sec). Speed can be programmed into the work cycle so that differ- 
ent portions of the cycle are carried out at different velocities. What is sometimes more 
important than speed is the robot’s capability to accelerate and decelerate in a controlled 
manner. In many work cycles. mueh of the robot’s movement is performed in a confined 
region of the work volume; hence, the robot never adl i c ve s its top-rated velocity. In these 
cases, nearly all of the motion cycle is engaged in acceleration and deceleration rather than 
in constant speed. Other factors that influence speed of motion are the wcight (mass) of 
the object that is being manipulated and the precision with which the object must be Jocated 
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at tbe end of a given move.A term that takes alJ of tbese factors into consideration is speed 
of response, that refers to the time required for the manipulator to move from one point 
in space to the next. Speed of response is important because it influences the robot’s cycle 
time, that in turn affeets the production rate in the application. Stability refers to the amount 
of overshoot and oscillation that occurs in ihe robot motion at the end-of-arm as it at- 
tempis to move to ihe next programmed location. More oscillation in the motion is an ;n- 
dication of less stability. The problem is that robots with greater stability are inherently 
slower in their response, whereas faster robots are generally less stable. 

Load carrying capacity depends on the robot’s physical size and construction as well 
as the force and power that can bc transmitled to the end of the wrist. The weight carry¬ 
ing capacity of commercial robots ranges from less than 1 kg up to approximately 900 kg 
(2000 lb). Medium sized robots designed for typical industrial applications have capacities 
in the range 10 to 45 kg (25 to 100 lb). One factor that should be kept in mind when con- 
sidering load carrying capacity is that a robot usually works with a tool or gripper attached 
to its wrist Grippers are designed to grasp and move objects about the work cell.The net 
load carrying capacity of tbe robol is obviously reduced by the weight of the gripper. If 
the robot is rated at a 10 kg (22 lb) capacity and the weight of the gripper is 4 kg (9 Ibs), 
then the net weight carrying capacity is reduced to 6 kg (13 lb). 


7.2 ROBOT CONTROL SYSTEMS 

The actuations of the individual joints must be controlled in a coordinated fashion for the 
manipulator to perform a desired motion cycle. Microprocessor-based controllers are com- 
monly used today in robotics as the control system hardware. The controller is organized 
in a hierarchical structure as indicated in Figure 7.9 so that each joint has its own feedback 
control system, and a supervisory controller coordinates the combined actuations of the 
joints according to the sequence of the robot program. Different types of control are re¬ 
quired for different applications. Robot controllers can be classified into four categories [6]: 
(1) limited sequence control, (2) playback with point-to-point control, (3) playback with con- 
tinuous path control, and (4) intelligent control. 

Limited Sequence Control■ This is the most elementary control type. It can be 
utilized only for simple motion cycles, such as pick-and-place operations (i.e., picking an ob- 
ject up at one location and placing it at another location). It is usually implemented by set- 
ting limits or mechanical stops for each joint and sequencing the actuation of the joints to 
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Figure 7.9 Hierarchical control structure of a robot microcomput¬ 
er controller. 
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accomplish the cyclc. Feedback loops are sometimes used to indicate that the particular joint 
actuation has been accomplished so that the ncxt step in the sequence can be initiated. 
However. there is no servo-control to accomplish precise positioning of the joint. Many 
pneumatically driven robots are limited sequence robots. 

Playback with Point-tO-Point Control. Playback robots represent a more-sophis- 
ticated form of Control than limited sequence robots. Playback control means t hat the con¬ 
troller has a memory to record the sequence of motions in a given work cycle as well as the 
locations and other parameters (such as speed) associated with each motion and then to sub- 
sequently play back the work cycle during execution of the program. It is this playback 
feature that gives the control type its nanie. In poiiit-to-point (FI P) control, individual po¬ 
sitions of the robot arm are recorded into memory. Thesc positions are nol limited lo me- 
chanicai stops for cach joint as in limited sequence robots, lnstead. each position in the 
robot program consists of a set of values representing locations in the range of each joint 
of the manipulator. For each position defined in the program, the joints are thus directed 
to actuate to their respective specified locations. Feedback control is used during the mo¬ 
tion cycle to eonfirm that the individual joints achicvc the specified locations in the program. 

Playback with Continuous Path Control. Continuour. pnth robots huve the same 
playback capability as the previous type. The difference hetween continuous path and 
point-to-point is the same in robotiesas it is in NC (Scction 6.1.3). A playback robot with 
continuous path control is capable of one or both of the following: 

1. Greuter storage capacity. The controller has a far greater storage capacity than its 
point-to-point counterpart. so thal the number of locations that can be recorded into 
memory is far greater than for point-to-point Thus, the points constituting the mo¬ 
tion cycle can be spaced very closcly together to permit the robot to accomplish a 
smooth continuous motion. In PTP.onlythe final location of the individual motion 
elements arecontrolled.so the path taken by the arm to reach the final location is not 
controlled. In a continuous path motion, the movement of the arm and wnst is con- 
trolled during the motion. 

2. Interpolation calculations l'hc controller couifjules the path between the starting point 
and the ending point of each move using interpolation routines similar to those used 
in NC.These routines generally include linear and circular interpolation (Table 6.1). 

The difference between PTP and continuous path oontrol can be distinguished in the fol¬ 
lowing mathematical way. Consider a three-axis Cartesian coordinate manipulator in that 
the end-of-arm is moved in .r-y-c space. In point-to-point systems, the x. y, and z axes are 
controlled to achieve a specified point location wilhin the robot's work volume. In contin¬ 
uous path systems, not only are the x, v. and z axes controlled. but the velocities dx/dt. 
dy/dt. and dz/dt are controlled simultaneously lo achieve the specified linear or curvilinear 
path. Servo-control is used to conlinuously regulate the position and speed of the manip¬ 
ulator. It should be mentioned that a playback robot with continuous path control has the 
capacity for PTP control. 

Intelligent Control. Industrial robots are bccoming increasingly intelligent. In this 
context. an intelligent robot is one that exhibits behavior thai makes it seem intelligent. 
Some of the cbaracteristics that make a robot appear intelligent include the capacity to: 
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• interact with its environment 

• make decisions when things go wrong during the work cycle 

• communicate with humans 

• make computations during the motion cycle 

• respond to advanced sensor inputs such as machine vision 

In addition, robots with intelligent control possess playback capability for both PTP or 
continuous path control. Hiese features require (1) a relatively high level of computer con¬ 
trol and (2) an advanced programming language to input the decision-making logic and 
other “intelligence" into memory. 


7.3 END EFFECTORS 

In our discussion of robot configurations (Section 7.1.2), we mentioned that an end effec- 
tor is usually attached to the robot’s wrist.The end effector enables the robot to accom- 
plish a specific task. Because of the wide variety of tasks performed by industrial robots, 
the end effector must usually be custom-engineered and fabricated for each differenl ap- 
plication.The two categories of end effectors are grippers and tools. 

7.3.1 Grippers 

Grippers are end effectors used to grasp and manipulate objects during the work cycle. 
The objects are usually workparts that are moved from one location to another in the cell. 
Machine loading and unloading applications fail into this category (Section 7.5.1). Owing 
to the variely of part shapes, sizes, and weights, grippers must usually be custom designed. 
Types of grippers used in industrial robot applications include the following: 

• mechanical grippers, consisting of two or more fingers that can be actuated by the 
robot controller to open and close to grasp the workpart; Figure 7.10 shows a two- 
finger gripper 

• vucuum grippers , in which suction cups are used to hold flat objects 

• magnetized devices, for holding ferrous parts 



Figure 7.10 Robot mechanical gripper. 
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• adhesive devices, where an adhesive substance is used to hold a flexible material such 
as a tab"ic 

• simple mechanical devices such as hooks and scoops. 

Mechanical grippers are the most common gripper type. Some of the innovations 
and advanccs in mechanical gripper technology include: 

• Dual grippers , consisting of two gripper devices in one end effector, which are useful 
for machine loading and unloading. With a single gripper, the robot must reach into 
the production machine twice. once to unload the finished part from the machine, 
and the second time to load the next part into the machine. With a dual gripper, the 
robot picks up the next workpart while the machine is still processing the preceding 
part: when the machine finishes, the robot reaches into the machine once to remove 
the finished part and load the next part. This reduces the cycle time per part. 

• lnterchangeable fingers that can be used on onc gripper mechanism. To accommo- 
datc differem parts, different fingers are attached to the gripper. 

• Sensory feedback in the fingers that provide the gripper with capabilities such as: 
(1) sensing the presence of the workpart or (2) applying a specified limited force to 
the workpart dnring gripping (for fragile workparts). 

• Multiple fingered grippers that possess the general anatomy of a human hånd. 

• Standard gripperproducts that are commercially available, thus reducing the need to 
custom-design a gripper for each separate robot application. 

7.3.2 Tools 

Tools are used in applications where the robot must perform some processing operation 
on the workpart.The robot therefore manipulates the tool relative to a stationary or slow- 
ly moving object (e.g., workpart or subassembly). Examples of the tools used as end ef- 
feetors by robots to perform processing applications include: 

• spot welding gun 

• arc welding tool 

• spray painting gun 

• rotating spindle for drilling, routing, grinding, and so forth 

• assembly tool (e.g., automaticscrewdriver) 

• heating torch 

• water jet cutting tool. 

In each case, the robot must not only control the relative position of the tool with respect 
to the work as a funetion of time, it must also control the operation of the tool. For this pur¬ 
pose. the robot must be able to transmit control signals to the tool for starting, stopping, 
and otherwise regulating its actions. 

In some applications, multiple tools must be used by the robot during the work cycle. 
For example. several sizes of routing or drilling bits must be applied to the workpart.Thus, 
a means of rapidly changing the tools uiusi be provided.The end effector in this case takes 
the form of a fast-change tool holder for quickly fastening and unfastening the various 
tools used during the work cycle. 
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7.4 SENSORS IN ROBOTICS 

The general topic of sensors as components in control systems is discussed in Chapter 5 
(Section 5.1). Here we discuss sensors as they are applied in robotics. Sensors used in in¬ 
dustrial roboticscan be classified into two categories: (1) internal and (2) external .Inter¬ 
nal sensors are those used for controlling position and velocity of the various joints of thc 
robot. These sensors form a feedback control loop with the robot controller. Typical sen¬ 
sors used to control the position of the robot arm include potentiometers and Optical en- 
coders.To control the speed of the robot arm, tachometers of various types are used. 

External sensors are used to coordinate the operation of the robot with other equip- 
ment in the cell. In many cases, these external sensors are relativel y simple device s,such as 
limit switches that determine whether a part has been positioned properly in a fixture or 
that indicate that a part is ready to be picked up at a conveyor. Other situations require 
more-advanced sensor technologics, including the folbwing: 

• Tactik sensors. Used to determine whether contact is made between the sensor and 
another object.Tactile sensors can be divided into two types in robot applications: 
(1) touch sensors and (2) force sensors Touch sensors are those that indicate simply 
that contact has been made with the object. Force sensors are used to indicate the 
raagnitude of the force with the object. This might be useful in a gripper to measure 
and control the force being applied to grasp an object. 

• Proximity sensors. Indicate when an object is close to the sensor. When this type of 
sensor is used to indicate the actual distance of the object, it is called a range sensor. 

• Optical sensors. Photocells and other photometric devices can be utilized to detect the 
presence or absence of objects and are often used for proximity detection. 

• Machine vision. Used in robotics for inspection. parts identification, guidance, and 
other uses. In Section 23.6, we provide a more-complete discussion of machine vi¬ 
sion in autoinated inspection. 

• Other sensors. This miscellaneous category includes other types of sensors that might 
be used in robotics, including devices for measuring temperature, fluid pressure, fluid 
flow, electrical voltage, current, and various other physical properties. 

7.5 INDUSTRIAL ROBOT APPLICATIONS 

One of the earliest installations of an industrial robot was around 1961 in a die casting op¬ 
eration [5].The robot was used to unload castings from the die casting machine. The typ- 
ical environment in die casting is not pleasant for humans due to the heat and fumes emitted 
by the casting process. It seemed quite logical to use a robot in this type of work environ¬ 
ment in pi ace of a human operator. Work environment is one of several characteristics that 
should be considered when selectinga robot applica tion. The general characteristics of in¬ 
dustrial work situations that tend to promote the substitution of robots for human labor 
are the following: 

1. Hazardous work environment for humans. When the work environment is unsafe, 
unhealthful, hazardous, uncomfortable, or otlierwise unpleasant for humans, there is 
reason to consider an industria] robot for the work. In addition to die casting, there 
are many other work situations that are hazardous or unpleasant for humans, in- 
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cluding forging. spray painting. continuous arc welding, and spot welding. Industrial 
robots arc utilized in all of these processes. 

2. Reperitive work cycle. A second characteristic thal tends to promote the use of robotics 
is a rcpc'.ilivc work eyclc. If thc sequencc of elements in the cycle is the same, and the 
elements consist of relatively simple motions, a robot is usually capable of perform- 
ing the work cyclc with grcater consistency and repeatabilitv than a human workcr. 
Greater consistency and repealability are usually manifested as higher product qual- 
ity than can be achicved in a manual operation. 

3. Difficult handling for humans. If the task involves thc handling of parts or tools Ihat 
are hcavv or otherwise difficult to manipulate, it is likely that an industrial robot is 
available that can perform the operation. Parts or tools that are too heavy for humans 
to handle conveniently are well wilhin the load carrying capacity of a large robot. 

4. Multishift operation. In manual operations requiring second and third shifts, substi¬ 
tution of a robot will providc a much faster financial payback than a single shift op¬ 
eration. Instead of replacing one worker, the robot replaces two or three workers. 

5. Infrequent changeoven. Most butch or job shop operations require a changeover of 
the physical workplace between one job and thc next. The time required to make 
the changeover is nonproductive lime since parts are not being made. In an industrial 
robot application, not onlv must the physical setup be changed, but the robot must 
also be reprogrammed, thus adding to the downtime. Consequently, robots have tra- 
ditionallv been easicr to justify for relatively long production runs where changcovers 
are infrequent. As procedures for off-line robot programming improve,it will be pos- 
sible to reduce the time required to perform thc reprogramming procedure. This will 
permit shorter production runs to become more cconomical. 

5. Part position and orientation are esiahlishcd in the work cell. Most robots in today’s 
industrial applications are without vision capability.Their capacity to pick up an ob- 
jeet during each work cycle relies on the faet that the part is in a known position and 
orientation. A means of presenting the part to the robot at th,e same location each 
cycle must bc engineered. 

These charactcristics are summarized in Table 7.2, which might be used as a checklist of fea¬ 
tures to look foi in a work situation to detennine if a robot application is feasible. The 
more check marks lalling in the “YES r column, the more likely that an industrial robot is 
suitable for the application. 

Robots arc being used in a wide field of applications in industry. Most of the current 
applications of industrial robots are in manufacturing.The applications can usually be clas- 
sified into one of the following calegories: (1) material handling, (2) processing operations, 
and (3) assembly and inspection. At least some of the work characteristics discussed in 
Table 7.2 must be present in the application to make the installation of a robot technical- 
ly and economically feasible 


7.5.1 Material Handling Applications 

Material handling applications are thosc in which the robot moves materials or parts from 
one placc to anothei.To accomplish the transfer, the robot is equipped with a gripper type 
end effeelor. The gripper must be designed to handle the specific part or parts that are to 
be moved in the application. Includcd within this application category are the following 




224 


Chap. 7 / Industrial Robotics 


TABLE 7.2 Checklist to Determine Applicability of an Industrial Robot in a Given Work Situation 


Characteristics of the Work Situation 

NO (Characteristic 

Does Not Apply) 

YES (Characteristic 
Applies) 

1. Hazardous work environment for humans 



2. Repetitive work cycle 



3. Difficult handling for humans 



4. Multishift operation 



5. Infrequent changeovers 



6. Part position and orientation are esteblished 
in the work cell 



Total check marks in each column 




cases: (1) material transfer and (2) machine loading and/or unloading. In nearly all mate- 
rial handling npplicotions, thc parts inust bc prcscntcd to the robot in a known position and 
oricntation.This requires some form of material handling device to deliver the parts into 
the work cell in this defined position and orientation. 


Material Transfer. These applications are ones in which the primary purpose of 
the robot is to pick up parts at one location and place them at a new location. In many 
cases, reorientation of the part must be accomplished during the relocation. The basic ap- 
plication in this category is the relatively simple pick-and-place operation, where the robot 
picks up a part and deposits it at a new location.Transferring parts from one conveyor to 
another is an example.The requirements of the application are modest: a low-technology 
robot, (e g., limited sequence type) is usually sufficient. Only two, three, or four joints are 
required for most of thc applications Pneumatically powered robots are often used. 

A more-complex example of material transfer is palletizing, in which the robot must 
retrieve parts, cartons, or othcr objects from one location and deposit them onto a pallet 
or other container with multiple positions. The problem is illustrated in Figure 7.11. Al- 



Figure 7.11 Typical part arrangement for 
a robot palletizing operation. 
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though the pickup point is tbe same for evcry cycle. the cieposil location on the pallet is dif- 
ferent for cach carton.This adds to the dcgrec of difficulty of the task. Either the robot must 
be taught each position on the pallct using the powered leadthrough method (Section 
7.6.1), or it must compute the location based on the dimensions of the pallet and the cen¬ 
ter distances between the cartons (in both .r- and _v-directions). 

Other applications that are similar to palletizing include depalleuzing (removing parts 
from an ordcred arrangement in a pallet and placing them at one location, c g., onto a mov- 
ing conveyor ),stacking operations (placing flat parts on top of each other, such that the ver- 
tical location of the drop-off position is continuously changing with each cycle). and insenion 
operations (vvhere the robot inserts parts into the compartments of a divided carlon). 

Machine Loading and/or Unloading. In machine loading and/or unloading ap- 
plicaiion$,the robot transfers parts into and/or from a production machine, The three pos- 
sible cases are: 

1. Machine loading. This is the case in which the robot loads parts into the production 
machine, but the parts are unloadcd from the machine by some other means. 

2. Machine unloading. In this case, the raw materials are fed into the machine without 
using the robot, and the robot unloads the finished parts. 

3. Machine loading und unloading.Th'xs case involves both loading ot the raw workpart 
and unloading of the finished part by the robot. 

Industrial robot applications of machine loading and/or unloading include the follow- 
ing processes: 

« Die casting. The robot unloads paris from the die casting machine. Peripheral oper¬ 
ations sometimes performed by the robot include dipping the parts into a water bath 
for cooling. 

• Plastic molding. Plastic molding is a robot application similar lo die casting The robot 
is used to unload molded parts from the injection molding machine. 

• Metal machining operations. The robot is used to load raw bianks into the machine 
too) and unload finished parts from the machine. The change in shape and size of the 
part before and after machining often presents a problem in end effeetor design,and 
dual grippers (Section 7.3.1) are often used lo deal with this issue. 

• Forging .The robot is typically used to load the raw hot billet into the die, hold it dur¬ 
ing the forging blows, and remove it from the forge hammer. The hammering action 
and the risk of damage to the die or end effeetor are significant technical problems. 
Forging and reiated processes are difficult as robot applications because of the severe 
condilions under which the robol must operate. 

• Pressworking. Human operators work at considerable risk in sheetmetal presswork- 
ing operations because of the aclion of the press. Robots are used as substitutes for 
the human workers lo reduce the danger. In these applications, the robot loads the 
blank into the press, the stamping operation is performed, and the part fails out the 
back of the machine into a container. In high-production runs, pressworking opera¬ 
tionscan be mechanized by using sheetmetal coils instead of individual bianks.These 
operations rcquire neither humans nor robots to participate direetly in the process. 

• Heat treating. These are often relatively simple operations in which the robot loads 
and/or unloads parts from a f urnace. 
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7.5.2 Processing Operations 

Processing applications are those in which the robot performs a processing operation on 
a workpart. A distinguishing feature of this category is Ihat the robot is equipped with 
some type of tool as its end effector (Section 7.3.2). To perform the process. the robot must 
manipuiate the tool relative to the part during the work cycle. In some processing appii- 
cations, more than one tool must be used during the work cycle. In thesc instunces.a fast- 
change tool holder is used to cxchangc tools during the cycle. Examples of industrial robot 
applications in the processing category include spot welding. continuous arc wclding, spray 
painting. and various machining and olhcr rotaling spindle processes. 

Spot Welding. Spot welding is a metal joining process in which two sheet metal 
parts are fused together at localized points of ccnfact. Two copper-based electrodes are 
used to squceze the metal parts together and then apply a large electrical currcnl across 
the contact point to cause fusion to occur. The electrodes, together with the mechanism that 
actuates them, constitute the welding gun in spot welding. Because of ils widespread use 
in the automobile industry for car body fabrication, spot welding represents one of the 
most common applications of industrial robots today.The end effector is the spot welding 
gun used to pinch the car panels together and perform the resistance welding process.The 
welding gun used for automobile spot welding is typically heavy. Prior to ihe use of robots 
in this application, human workers performed this operation, and the heavy welding tools 
were difflcult for humans lo manipuiate aecurately. As a consequcnce, there were many in- 
stances of missed welds, pooriy located welds, and other defeets. resulting in overall low 
quality of the finished product. The use of industrial robots in this application has dra- 
matically improved the consistency of the welds. 

Robots used for spot welding are usually large, with sufficient payload capacity to 
wield the heavy welding gun. Rve or six axes are generally required to achie ve the required 
positioning and orientation of the welding gun. Playback robots with point-to-point arc 
used. Jointed arm coordinate robots are the most common anatomies in automobile spot 
welding lines, which may consist of several dozen robots. 

Continuous Arc Welding. Continuous arc welding is used to provide continuous 
welds rather than individual welds at specific contact points as in spot welding. I he re¬ 
sulting arc welded joint is substantially stronger than in spot welding Since the weld is con¬ 
tinuous, it can be used to make airtight pressure vessels and other weldments in which 
strength and continuity are required. There are various forms of continuous arc welding, 
but they all follow the general description given here. 

The working conditions for humans who perform arc welding arc not good. The 
wclder must wear a face helmet for eye protection against the ultraviolet radiation emit- 
ted by the arc welding process.The helmet window must be dark enough to madt the ul¬ 
traviolet. However, the window is sodark that the worker cannot see through it unless the 
arc is on. High electrical current is used in the welding process, and this creates a hazard 
for the welder. Finally, there is the obvious danger from the high temperatures in the process, 
high enough to melt the Steel, aluminum, or other metal that is being welded. A significant 
amount of hand-eye coordination is required by human welders to make sure that the arc 
follows the desired path with sufficient accuracy to make a good wcld.This, together with 
the conditions described above, results in a high level of worker fatigue. Consequentiy, the 
welder is only accompHshing the welding process for perhaps 20-30% of the time.This per- 
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centage is cailed the arc-on rime, defined as the proportion of time during the shift when 
thc welding arc is on and pcrforming the process. To assist the weldcr. a second worker, 
cailed the filter, is usually present at the work site to set up the parts to be welded and to 
perform other similar chores in support of the welder. 

Because of Iltese conditions in manual arc welding, automation is used where tech- 
nically and economically feasible. For welding jobs involving long continuous joints that are 
accomplished repetitively, mechanized welding machines have been designed to perform 
the process. These machines are used for long straight sections and regular round parts,such 
as pressure vessels tanks, and pipes. 

Industrial robots can also be used to automate the continuous arc welding process. 
The economics of robot arc welding suggest that the application should involve a relative- 
ly long production run.Thecell consists of the robot, the welding apparatus (power unit,con¬ 
troller, welding tool, and wire feed mechanism), and a fixture that positions the components 
for thc robot. The fixture might be mechanized with one or two degrees-of-freedom so that 
it can present different portions of thc work to the robot for welding. For greater produc- 
tivity, a double fixture is often used so that a human helper can be unloading the complet¬ 
ed job and loading the components for the next work cycle while the robot is simultaneously 
welding the present job. Figure 7.12 illusti ates this kind of workplace arrangement. 
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The robot used in arc welding jobs must be capable of continuous path control. Joint¬ 
ed arm robots consisling of five or six joints are frequently used. In addition, a fixture con- 
sisting of one or two more degrees-of-freedom is often used to hold the parts during 
welding. The fixture must be designed specifically for the job. Programming for arc weld¬ 
ing is usually costly. Therefore. most applications require a large batch size to justify the 
robot cell. In the future, as quick-change fixtures are developed and programming effort 
is reduced, shorter production runs will 6e possibie in robot arc welding applications. 

Spray Coating. Spray coating makes lise of a spray gun directed at the object to 
be coated. Fluid (e.g., paint) flows through the nozzle of the spray gun to be dispersed and 
applied over the surface of the object. Spray painting is the most common application in 
the category. The term spray coating indicates a broader range of applications thai in- 
cludes painting. 

The work environment for humans who perform this process is filled with bealth 
hazards. These hazards include noxious fumes in the air, risk of flash fires, and noise from 
the spray gun nozzle.The environment is also believed to pose a carcinogenic risk for work 
ers. Largely because of these hazards, robots are being used with inereasing frequency for 
spray coating tasks. 

Robot applications include spray coating of appliances, automobile car bodies, engincs, 
and other parts, spray staining of wood products, and spraying of porcelain coatings on 
bathroom fixtures The robot must be capable of continuous path control to accomplish the 
smooth motion sequences required in spray painting. The most convenient programming 
method is manual leadthrough (Section 7.6.1). Jointed arm robots seem to be the most 
common anatomy for this application. The robot must possess a long reach to access the 
areas of the workpart to be coated in the application. 

The use of industrial robots for spray coating applications offers a number of bene- 
fits in addition to protecting workers from a hazardous environment, I hese other benefits 
include greater uniformity in applying the coating than humans can accomplish, reduced 
use of paint (less waste), lower needs for ventilating the work area since humans are nol 
present during the process, and greater productivity. 

Other Processing Applications. Spot welding, arc welding, and spray coating are 
the most familiar processing applications of industrial robots The list of industrial process- 
es that are being performed by robots is continually growing. Among these processes are 
the folio wing: 


Drilting , routing, and other machining processes. These applications use a rotating 
spindle as the end effeetor. Mounted in the spindle chuck is the particular cutting 
tool. One of the problems with this application is the high cutting forces encountered 
in machining. The robot must be strong enough to withstand these cutting forces and 
maintain the required accuracy of the cut. 

Grinding, wire brushing, and similar operations. These operations also use a rotating 
spindle to drive the tool (grinding wheel, wire brush, polishing wheel, etc.) at high 
rotational speed to accomplish finishing and deburring operations on the work. 
Waterjet cutting. This is a process in whicb a high pressure stream of water is forced 
through a small nozzle at high speed to cut plastic sheets, fabrics, cardboard, and other 
materials with precision.Theend effeetor is the waterjet nozzle that is directed over 
the desired cutting path by the robot. 
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Laser entring. The function of Ihe robot in this application is similar to its function in 
waterjet cutting. The laser tool is attached to the robot as its end effeetor. Laser beatn 
welding is a similar application. 

Riveting. Stime work has been done in using robots to perform riveting operations in 
shcct metal fabrication. A riveting tool with a feed mechanism for feeding the rivets 
is mounted on the robot's wrist.The function of the robot is to place the riveting tool 
at the proper hole and actuate the device. 


7.5.3 Assembly and Inspection 

In some respects, assembly and inspection are hybrids of the previous two application cat- 
egories: matenal handling and processing. Assembly and inspection applieations can in- 
volve either the handling of materials or the manipulation of a tool. For example, assembly 
operations typically involvc the addition of components to build a product. This requires 
the movement of components from a supply location in the workplace to the product being 
assembled. which is material handling. In some cases, the fastening of the components re 
qutres a tool to be ased by the robot (e g., staking, welding. driving a screw), Similarly. some 
robot inspection operations require that parts be manipulated, while other applieations 
require :hatan inspection tool be manipulated. 

Assembly and inspection are tradilionally labor-intensive activities. They are also 
highly repet tive and usually boring. For these reasons, they are logical candidates for ro- 
botic applieations. However. assembly work typically involves diverse and sometimes dif 
ficult tasks, often requiring adjustments to be made in parts that don’t quite fit together. A 
sense of feel is often required lo achieve a close fitting of parts. Inspection work requires 
high precision and patience. and human judgment is often needed to determine whelher a 
product is within quality specifications or not. Because of these complications in both types 
of work, the application of robots has not been easy. Nevertheless, the potential rewards 
are so great -hat substantial efforts are being made to develop the necessary technologies 
to achieve success in these applieations. 

Assembly. Assembly involves the addition of two or more parts to form a new en- 
tity. ealled a subassembly (or assembly). I he new subassembly is made secure by fastening 
two or more parts together using mechanical fastening techniques (such as screws.nuts, 
and rivets) or joining procesaes (c.g.. welding. brazing, soldering, or adhesive bonding). We 
have already discussed robot applieations in welding, which are often considered separately 
from mechanical assembly applieations (as we have separated them in our coverage here). 

Because of the economic importance of assembly, automated methods are often ap- 
plied. Fixcd automation (Chaptcr 1) is appropriate in mass production of relatively simple 
products. such as pens, mechanical pencils, cigarette lighters, and garden hose nozzles. Ro¬ 
bots are usually at a disadvantage in these high-production situations because they cannot 
operate at the high speeds that fixed automated equipment can. 

The most appealing application of industrial robots for assembly is where a mixture 
of similar products or models are produced in the same work cell or assembly line. Exam- 
ples of these kinds of products indude electric motors, small appliances, and various other 
small mechanical and electrical products. Jn these instances. the basic konfiguration of the 
differenl models is the same. but there are variations in size, geometry, options, and other 
features. Such products are often made in batches on manual assembly lines. However, the 
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pressure to reduce inventories maltes mixed model assembly lines {Section 17.2) more at- 
tractive. Robots can be uscd to substitutc for some or all of thc manual stations on these 
lines. What makes robots viable in mixed mode! assembly is their capability to execute pro- 
grammed variations in the work cyde to accommodate different product configurations. 

Industrial robots used for the types of assembly operations described here are typi- 
cally small, with light load capacities. An internal study at General Motors revealed that a 
large proportion of assembly tasks rcquirc a robot capablc of lifting paris weighing 5 lb or 
less [7].The most common configurations arc jointed arm, SCARA, and Cartesian coor- 
dinate. Accuracy requirements in assembly work are often more demanding than in other 
robot applications, and some of the inore-precise robots in this category have repeatabili- 
ties as dose as ±0.05 mm (±0.002 in). In addition to thc robot itself, the requirements of the 
end effeetor are often demanding.The end effeetor may have to perform multiple funetions 
at a single workstation to reduce the number of robots required in thc cell. These multiple 
funetions can include handling more than onc part geometry and performing both as a 
gripper and an automatic assembly tool. 

Inspection. Therc is often a need in automated production and assembly systems 
lo inspect the work that is supposed to be done. These inspcctions accomplish the follow- 
ing funetions: (1) making sure that a given process has been completed, (2) ensuring thal 
parts have been added in assembly as specified. and (3) identifying flaws in raw materiols 
and finished parts.The topic of automaled inspection isconsidered in more detail in Chap- 
ter 22. Our purpose here is to identify the role played by industrial robots in inspection. In¬ 
spection tasks performed by robots can be divided into the following two cases: 

1. The robot performs loading and unloading tasks to support an inspection or testing 
machine. This case is really machine loading and unloading, where the machine is an 
inspection machine.The robot picks parts (or assemblies) thal enter the cell, loads and 
unloads them to carry out the inspection process. and places them at the cell output. 
In some cases, the inspection may result in parts sortation that must be accomplished 
by the robot. Dcpending on the quality level, the robot places the parts in different 
containers or on different exit conveyors. 

2. The robot manipulates an inspection device, such as a mechanical probe, to test the 
product. This case is similar to a processing operation in which the end effeetor at- 
tached to the robot's wrist is the inspection probe. To perform the process, the pari 
must be presented at the workstation in the correct position and orientation.and the 
robot manipulates the inspection device as required. 

7.6 ROBOT PROGRAMMING 

To do useful work.a robot must be programmed to perform its motion cycle.A robot pro¬ 
gram can be defined as a path in space to be followed by the manipulator, combined with 
peripheral actions that support the work cycle. Examples of the peripheral actions include 
opening and closing the gripper, performing logical decision making. and communicating 
with other pieces of equipment in the robot cell. A robot is programmed by entering the 
programming commands into its controller memory. Different robots use different meth- 
ods of entering the commands. 

In the case of limited sequence robots, programming is accomplished by setting limit 
switchcs and mechanical stops to control the endpoints of its motions. The sequence in 
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vvhich thc motions occur is rcgulatcd by a sequencing device. This device determines the 
order in which each joint is actuated to form thc complete molion cycle. Setting the stops 
aiid switches and wirmg the sequcnccr is more manual selup than programming. 

Toda\ and in the foreseeable future. nearly all industrial robots have digital com¬ 
puters as their controllers, together with compatible storage deviccs as their memory units. 
For tnese robots, three programming methods can be distinguished: (1) leadthrough pro- 
grnmming. 12) computcr-like robot programming languages. and (3) off-linc programming 


7.6.1 Leadthrough Programming 

Leadthrough programming and robot language programming are the two methods most 
conimonly used toda> for entering the commands into computer memory. Robot languages 
are discussed in Seetion 7.6.2. Leadthrough programming dates back to the early 1961 Is bc- 
fore computer control was prevalent. The same basic methods are used today for many 
computer controllcd robots. In leadthrough programming. thc task is taught to the robo: 
by moving the manipulator through the required motion eyele, simultaneously entering 
thc program iniolhe controller memory for subsequent playback. 

Powered Leadthrough Versus Manual Leadthrough. Thore are two methods 
of performing the leadthrough teach procedure: (1) powered leadthrough and (2) manual 
leadthrough. The difference between the two is in the manner in which the manipulator is 
moved through thc motion cycle during programming. Powered leadthrough is commonly 
used as thc programming method for playback robots with point-to-point control. It in- 
volves the usc of a teach pendant (hund-held control box) that has toggie switches and/or 
contact butions for controlling the movement of the manipulator joints. Figurc 7.13 illus- 
trates thc importnnt components of a teach pendant. Using the toggie switches or buttons, 
the programmer power drives thc robot arm to the desired positions, in sequence, and 
reeords thc positions into memory. During subsequent playback, the robol moves through 
thc sequence ol positions under its own power. 

Manual leadthrough is convcnicnt for programming playback robots with conlinuous 
path control wherc the continuous path is an irregular motion pattern such as in spray 
painling. This programming method requires the operator to physically grasp the end-of- 
arm or lool attached lo thc arm and manuallv move it thiough thc motion sequence, record- 
ing the path into memory. Beeause thc robot arm itseif may have significanl mass and 
would therelore be difficult to move. a special programming device oflen replaees the ac- 
tual robot for thc teach procedure. The programming device has the same joint configu- 
ration as thc robot, ond il is cquippcd with a trigger handie (or other control switch), which 
is activated when the operator wishes to record motions into memory'. The motions are 
recorded as a series of closelv spaced points. During playback, the path is recreated by con¬ 
trolling thc actual robot arm through the same sequence of points. 

Motion Programming. The leadthrough methods provide a very natural way of 
programming motion commands into the robot controller. In manuai leadthrough, the op¬ 
erator simply moves the arm through the required path to create the program. In powered 
leadthrough. thc operator uses a teaeh pendant to drive the manipulator. The teach pen¬ 
dant is cquippcd with a togglc switch or a pair of contact buttons for each joint B\ acti- 
vating Ihcsc switches or butions in a coordinated fashion for the various joints, the 
programmer moves thc manipulator to the required positions in the work spacc. 
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Figure 7.13 A typical robot teach pendant. 

Coordinating the individual joints with the teach pendant is sometimes an awjcward 
way to enter motion commands to the robot. For example, it is difficult to coordinate the 
individual joints of a jointed-arm robot (TRR configuration) to drive the end-of-arm in a 
straight line motion. Therefore. many of the robots using powered leadthrough provide 
two alternative methods for controlling movement of the manipulator during program- 
ming, in addition to individual joint Controls. With these methods, the programmer can Con¬ 
trol the robot’s wrist end to move in straight line paths. The names given to these 
alternatives are (1) World coordinate system and (2) tool coordinate system. Both systems 
inake use of a Cartcsian coordinate system. In Ihe world coordinate system, the origin and 
frame of reference are defined with respect to some fixed position and alignment relative 
to the robot base. This arrangement is illustrated in Figure 7.14(a). In the tool coordinate 
system, shown in Figure 7.14(b), the alignment of the axis system is defined relative to the 
orienta tion of the wrist faceplate (to »hich the end effeetor is attached). In this way, the pro¬ 
grammer can orient the tool in a destred way and then control the robot to make linear 
moves in directions parallel or perpendicular to the tool. 

The world coordinate system and the tool coordinate system are useful only if the 
robot has the capacity to move its wrist end in a straight line motion, parallel to one of the 
axes of the coordinate system. Straight line motion is quite natural for a Cartesian coordi¬ 
nate robot (LOO configuration) but unnatural for robots with any combination of rotational 
joints (types R, T, and V). To accomplish straight line motion for manipulators with these 
types of joints requires a linear interpolation process to be carried out by the robot’s con¬ 
troller. In straight line interpolation, the control computer calculates the sequence of ad- 
dressable points in space that the wrist end must move through to achieve a straight line 
path between two points. 
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Figure 7.14 (a) World coordinate system, (b) Tool coordinate system. 


There are other types of interpolation that the robot can use. More common than 
straight line interpolation is joint interpolation. When a robot is oommanded to møve its 
wrist end between two points using joint interpolation , it actuates each of the joints simul- 
taneously at its own constant speed such that all of the joints start and stop at the same time 
The advantage of joint interpolation over straight line interpolation is that there is usual- 
ly less total motion energy required to make the move.This may mean that the move could 
be made in slightly less time. It should be noted that in the case of a Cartesian coordinate 
robot,joint interpolation and straight line interpolation result in the same motion path. 

Still another form of interpolation is that used in manual leadthrough programming. 
In this case, the robot must follow the sequence of closely space points that are defined dur¬ 
ing the programming pxocedure. In effect, this is an interpolation process for a path thal 
usually consists of irregular smooth motions. 

The speed of the robot is controlled by means of a dial or other input device, locat- 
ed on the teach pendant and/or the main control panel. Certain motions in the work cycle 
should be performed at high speeds (e.g., moving parts over substantial distances in the work 
cell), while other motions require low speed operation (e.g., motions that require high pre- 
cision in placing the workpart). Speed control also permits a given program to be triedout 
at a safe slow speed and then at a higher speed to be used during production. 



234 


Chap. 7 / Industrial Robotics 


Advantages and Disadvantages. The advan'.agc offered by the leadlhrough meth- 
ods is that they can be rcadily leartied by shop person nel. Programming the robot by mov- 
ing its arm through the required motion path is a logical way for someone to teach the work 
cyclc. It is nat necessary for tho programmer to possess knowledge of computer program¬ 
ming. The robot languages describcd in the next section. especially the more advanced lan- 
guages. are more casily leamert by someone whose background includes computer 
programming. 

There arc scveral inherem disadvantages of the leadthrough programming methods. 
First,reguler production must be interrupted during the leadthrough programming pro¬ 
cedures. In other words, leadthrough programming results in downtime of the robot cell or 
production line. The economic consoquence of this is that the leadthrough methods musl 
be used for rclalively long production runs and are inappropriate for small batch sizes. 

Second. the tcach pendant used with powered leadthrough and the programming de- 
vices used with manual leadthrough arc limited in terms of the dccision-making logic that 
can bc mcorporated into the program. It is mueh easier to write logical instructions using 
the computer-like robot languages than the leadthrough methods. 

Third, since the leadthrough methods werc developed befnre computer Control be- 
came common for robots, thesc methods are not rcadily compatiblc with modem com- 
puter-based technologies such as CAD/CAM. manufacturing data bases, and local 
Communications networks. The capability to readily interface the various computer- 
automated subsystems in the factory for transfer of data is considered a requirement for 
achieving computer integraled manufacturing. 

7.6.2 Robot Programming Languages 

The use of textual programming languages becaitie an appropriate programming method 
as digital computers look over the control funetion in robotics. Their use has been stimu- 
luted by the inereasing complexity of Ihe taslts that robots are callcd on to perform, with 
the concomitant need to imbed logical decisions into the robot work cycle. These com- 
putcr-like programming languages are really on-line/off-linc methods of programming, be- 
cause the robot must still be taught its locations using the leadthrough method, Textual 
programming languages for robots provide the opportunity to perform the followingfunc- 
tions that leadthrough programming cannot readily accomplish: 

• enhaneed sensor capabilities. including the use of analog as well as digital inputs 

and outputs 

• improved output capabilities for controlling external equipment 

• program logic that is beyond the capabilities of leadthrough methods 

• computalions and data processing similar to computer programming languages 

• Communications with other computer systems 

This section reviews some of the capabilities of the current generation robot program¬ 
ming languages. Many of the language statements are taken from actual robot program¬ 
ming languages. 

Motion Programming. Motion programming with robot languages usually re- 
quires a combination of textual statements and leadthrough techniques. Accordingly, this 
method of programming is sometimes referrcd to as on-line/off-line programming. The 
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textual statcments are used todescribe the motion.and thc leadthrough methodsare used 
to definc the position and orientatiou of the robot during and/or at the end of the motion. 
To illustrate. thc basic motion statement is 

MOVE PI 

which commands the robot to move irom its current position to a position and orientalion 
defined by thc variable name PI.The point PI must be defined,and thc most convenient 
way to define PI is to use either powered leadthrough or manual leadthrough to place the 
robot al the desired point and record that point int« memory. Statements such as 

HEREP1 


LEARN PI 

are used in the leadthrough procedure lo indicate the variable name for the point. What is 
recorded inio the robot’s Control memory is thc set of joint positions or coordinutes used 
by the controller to define the point. For example, the aggregate 

(236.158,65.0.0.0) 

could be utilized to represent the joint |x>silion$ for a six-jointed manipulator. The first 
three values (236.158.65) give the joint positions of the body-and-arm, and the last three 
values (0.0.0) define the wrist joint positions.The values are specified in millimeters or de- 
grccs, depending on the joint types. 

There arc variants of the MOVE statement. These include the definition of straight 
line interpolation motions, ineremental moves. approach and depart moves,and paths. For 
example, the statement 


MOVES PI 

denotes a move that is to be matle using straight line interpolation The suffix S on MOVE 
designates straight line motion. 

An ineremental move is one whose endpoint is defined relative to the current posi¬ 
tion of the manipulator ralher than to the absolute coordinate system of the robot. For ex¬ 
ample, suppose the robot is presently at a point defined by the joint coordin ates (236,158, 
65.0,0,0), and it is desired to move joint 4 (corresponding to a twisting motion of the wrist) 
from 0 lo 125. The followingform of statement might be used to accomplish this move: 

DMOVE (4,125) 

The new joint coordinates of the robot would therefore be given by (236,158,65, 
125,0,0).The prefix D is interpreted as delta, so DMOVE represents a delta move, or in¬ 
eremental move. 

Approach and depart statements are useful in material handling operations.The AP¬ 
PROACH statement moves the glipper from its current position to within a certain distance 
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of the pickup (or drop-off) point, and then a MOVE statement is used to position the end 
cffector at the pickup point. Aflei the pickup is made. a DEPART statement is used to 
move the gripper away front the point. The following stal em en ts illustrate the sequence: 

APPROACH PI.40 MM 
MOVE PI 
(actuate gripper) 

DEPART 40 MM 

The final destination is point PI. but the APPROACH command moves the gripper 
to a safe distance (40 mm) above the point. This might be useful to avoid obstacles such 
as other parts in a tote pan.The orienlation of the gripper at the end of the APPROACH 
move is the same as that defined for the point PI, so thai the final MOVE PI is really a 
spatial translation of the gripper.This pennits the gripper to be moved directly to the part 
for grasping. 

A path in a robot program is a series of points connected together in a single move. 
The path is given a variable name, as illustrated in the following statement: 

DEF1NE PATH 123 = PATH(P1.P2,P3) 

This is a path that consists of points PI. P2, and P3.The points are defined in the 
manner described above. A MOVE statement is used to drive the robot through the path. 

MOVE PATHI 23 

The speed of the robot is controlled by defining either a relative velocity or an ab- 
solute velocity.The following statement represents the case of relative velocity definition: 

SPEED 75 

When this statement appears within the piograrn. it is typically interpreted to mean 
that the manipulator should operate at 75% of the initially commanded velocity in the 
slalements that follow in the program. The initial speed is given in a command thatprecedes 
the execution of the robot program. For example, 

SPEED 0.5 MPS 
EXECUTE PROGRAM 1 

indicates that the program named PROGRAM1 ts to be executed by the robot, and thai 
the commanded speed during execution should be 0.5 m/sec. 

Interlock and Sensor Commands. The two basic interlock commands (Section 
4.3.2) used for industrial robots are WAIT and SIGNAL.The WAIT command is used to 
implemcnt au input interlock. For example. 


WAIT 20, ON 
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ramming 

would cause program execulion to stop at this statement until the input signal coming into 
the robot controller at port 20 was in an "on” condition. This might be used to cause the 
robot to watt for the completion of an automatic machme cycle in a loading and unload- 
ing applikation. 

The SIGNAL statement is used to implement an output interlock.This is used to 
communicatc to stime extern al piece of equipment. For example, 


SIGNAL 10. ON 

would switch on the signal at output port 10, perhaps to actuate the start of an automatic 
machine cycle. 

Both of the above examples indicate on/off signals. Some robot controllers possess 
the capacity to control analog devices that operate at various levels. Suppose it were de- 
sired to tum on an extemal device that operates on variable voltages in the range 0 to 10 V. 
The command 


SIGNAL 10,6.0 

is typicat of a control statement thai might be used to output a voltage level of 6.0 V to the 
device from controller output port 10. 

All nf the above interlock commands represent situations where the execution of the 
statement occurs at the point in the program where the statement appears.There are other 
situations in which it is desirable for an extemal device to be continuously monitored for 
any change that might occur in the device. This might be useful, for example, in safety mon- 
itoring where a sensor is set up to dctect the presence of humans who might wander into 
the robot s work volume. The sensor reacts to the presence of the humans by signaling the 
robol controller. The following type of statement might be used for this case: 

REACT 25. SAFESTOP 

Thi« command would be written to continuously monitor input port 25 for any 
khanges in the incomiug signal, lf and when a change in the signal occurs. regular program 
execulion is interrupted, and control is transferred to a subroutine called S AFESTOP.This 
Mibroutine would stop the robot from further motion and/or cause some other safety ac¬ 
tion to be taken. 

End effeetors arc dcvices that, although they are attached to the wrist of the manip¬ 
ulator. are actuated very mueh like external devices. Special commands are usually written 
for controlling the end effeetor. In the case of grippers, the basic commands are 

OPEN 


and 


GLOSE 

which cause tae gripper to actuate to fully open and fully closed positions, respectively. 
Grcater control over the gripper is available in some sensored and servo-controlied hånds. 



238 


Chap. 7 / Industrial Robotics 


For grippers that have force sensors that can be regulated through the robot controller, 
command such as 


CLOSE 2.0 N 

Controls the closingof the gripper until a 2.0-N force is encountered by the gripper fingers. 
A similar command used to closc the gripper to a given opening width is: 

CLOSE 25 MM 

A special set of statements is often required to control the operation of tool-type 
end effectors, such as spot welding guns, arc welding tools, spray painting guns, and pow- 
ered spindles (for drilling, grinding. etc.). Spol welding and spray painting Controls are typ- 
ically simple binary commands (e.g., open/close and on/off). and these commands would 
be similar to those used for gripper control. In the case of arc welding and powered spin¬ 
dles, a greater variety of control statements is needed to control feed rates and other pa¬ 
rameters of the operation. 

Computations and Program Logic. Many of the current generation robot lan- 
guages possess capabilitics for pcrforming computations and data processing operations 
that are similar to computer programming languages. Most present-day robot applications 
do not require a high level of computational power. As the complexity of robot applica¬ 
tions grows in the future, it is expected that these capabilitjes will be better utilized than 
at present. 

Many of today’s applications of robots require the use of branches and subroutines 
in the program. Statements such as 


GOTO 150 


and 


IF (logical expression) GOTO 150 

causc tiie program ro branch to somc other statement in the program (e.g., to statement 
number 150 in the above illustrations). 

A subroutine in a robot program is a group of statements that are to be executed 
separately when called from the main program. In a preceding example, the subroutine 
S AFESTOP was named in the REACT statement for use in safety moniloring. Other uses 
of subroutines include making calculations or performing repetitive motion sequences at 
a number of different places in the program. Rather than write the same steps several times 
in the program, the use of a subroutine is more efficient. 

7.6.3 Simulation and Off-Line Programming 

The trouble with leadthrough methods and textual programming techniques is that the 
robot must be taken out of production for a certain length of time to accompiish the pro- 
gramrning. Off-iine programming permits the robot program to be prepared at a remolc 
computer terminal and downloaded to the robot controller for execution. In true off-line 
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programming. there is no need to physically locate the positions in the workspace for the 
robot as required with present textual programming languages, Some form of graphical 
computersimulation is required to validate the programs developed off-line,similar to off¬ 
line procedures used in NC part programming. The advantage of true off-line programming 
is that ncw programs can bc prepared and downloaded to the robot without interrupting 
production. 

The off-line programming procedures being developed and commercially offered 
use graphical simulation to construct a three-dimensional model of a robot celi for evalu- 
ation and off-line programming. The cell might consist of the robot, machine tools, con- 
veyors,and other hardware. The simulator permits these cell components to be displayed 
on the graphics monitor and for the robot lo perform its work cycle in animated comput¬ 
er graphics. Alter the program has been developed using the simulation procedure, it is 
then converted into the textual language corresponding to the particular robot employed 
in the cell. This is a step in the off-line programming procedure that is equivalent to post- 
proccssing in NC part programming. 

In the current commercial off-line programming packages, some adjustment must be 
performed to account for geometric differences between the three-dimensional model in 
the computer system and the actual physical cell. For example, the position of a machine 
tool in the physical layout might be slightly different than in the model used to do the off¬ 
line programming. For the robot to reliably load and unload the machine, it must have an 
accurate location of the load/unload point recorded in its control memory. This module is 
used to calibrate the 3-D computer model by substituting location data from the actual 
cell for the approximate values developed in the original model. The disadvantage with 
calibrating the cell is that time is lost in performing this procedure. 

In future programming systems, the off-line procedure described above will probably 
be augmented by means of machine vision and other sensors locatcd in the cell.The vision 
and sensor systems would be used to update the three-dimensional model of the work- 
place and thus avoid the necessity for the calibration step in current off-line programming 
methods.The term sometimes used to describe these future programming systems in which 
the robot possesses accurate knowledge of its three-dimensional workplace is wortd mod- 
eling. Associated with the concept of world modeling is the use of very high-level language 
statements, in which the programmer specifies a task to be done without giving details of 
the procedure used to perform the lask. Examples of this type of Statement might be 

ASSEMBLE PRINTING MECHANISM TO BRACKET 


or 


WELD UPPER PLATE TO LOWER PLATE 

The statements are void of any reference to points in space or motion paths to be foi- 
lowed by the robot. Instead, the three-dimensional model residing in the robot’s control 
memory would identify the locations of the various items to be assembled or welded.The 
future robot would possess sufficient intelligence to figure out its own sequence of mo¬ 
tions and actions for performing the task indicated. 
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7.7 ENGINEERING ANALYSIS OF INDUSTRIAL ROBOTS 

In this section. we discuss two problem areas that are central to the operation of an in¬ 
dustrial robot: (1) manipulator kinematics and (2) accuracy and repeatability with which 
the robot can position its end effeetor. 

7.7.1 Introduction to Manipulator Kinematics 

Manipulator kinematics is concerned with the position and orientation of the robot’s end- 
of-arm. or the end effeetor attached to it. as a funetion of time but without regard for the 
effeets of force or mas& Of course, the mass of the manipulator's links and joints, not to men- 
tion the mass of the end effeetor and load being carried by the robot, will affeet position 
and orientation as a funetion of time, but kinematic analysis ncglects this effeet. Our treat- 
ment of manipulator kinematics will be limited to the mathematical representation of the 
position and orientation of the robot’s end-of-arm. 

Let us begin by defining terms.The robot manipulator consists of a sequence of joints 
and links. Let us name the joints J]J:, and so on. starting with the joint closest to the base 
of the manipulator. Similarlv. the links are identified as L t . L 2 , and so on, where L, is the 
output link oiJ x ,Li is the output link of J 2 , and so on. Thus, the input link to is L ,, and 
the input link to J, is L 0 .The final link for a manipulator with n degrees-of-freedom (n 
joints) is L„.and its position and orientation determine the position and orientation of the 
end effeetor attached to it. Kigure 7.15 illustrates the joint and link identificatjon method 
for two different manipulators, each having two joints. In Figure 7.15(a), both joints are 
orthogona! types, so this is an OO robot according (o our notation scheme of Section 7.1.2. 
Let us define the values of the O joints as A, and \ 7 , where these values represent the po- 
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Figure 7.15 Two manipulators with two degrees-of-freedom: (a) an 
OO robot and (b) an RR robot. 
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sitions of the joints relative lo their respective input links. Figure 7.15(b) shows a two de- 
gree-of-freedom robot with configuration RR. Let us definc the values of the two joints as 
the angles 0, and 0 2 , where 0, is defined with respect to the horizomal base. and 0 2 is de- 
fined relative to the direction of the input link to joint J, . as illustrated in our diagram. 

One way to mathematically represent the position and orientation of the manipula¬ 
tor's end-of-ann is bv nieansof its joints. Thus, for the OO robot of Figure 7.15(n), the po¬ 
sition and orientation arc identified as follows: 

P, = (A,.A,) (7.1) 

and similarly for the RR robot of Kgure 7.15(b), 

P, = (»i,«*) (7-2) 

where A t , A 2 .0| ,andø 2 are the values of the joints in the two robots.respectively.We mighl 
refer to this method of representation as the joint space method, because it defines posi¬ 
tion and orientation (symbolizcd as P,) in terms of the joint values 

An alternative way to represent position is by the familiar Cartesian coordinate sys¬ 
tem, in robotics called the world space method. The origin of the Cartesian coordinatcs in 
world space is usually located in the robot s base. The end-of-arm position P v is defined in 
world space as 


P„. = (*,z) (7.3) 

where x and z are the coordinates of point P K . Only two axes are needed for our two-axis 
robots because the only positions that can be reached by the robots are in the x-z plane. 
For a robot with six joints operating in 3-D space. the end-of-arm position and orientalion 
/‘„.can be defined as 


P K = (x.y.z.a.,3, X ) (7.4) 

where x, y.and cspecify the Cartesian coordinates in world space (position); and o-,/3, and 
X specify the angles of rotation of the three wrist joints (orientation). 

Notice that orientation cannot bc independently established for our two robots in 
Figure 7.15. For the OO manipulator, the end-of-arm orientation is always vertical;and for 
the RR manipulator, the orientation is determined by the joint angles 8\ and 0 2 .The read- 
er will observe that the RR robot has two possible ways of reaching a given set of x and z 
coordinates, and so there are two alternative orientations of the end-of-arm that are pos¬ 
sible for all x-z values within the manipulator’s reach except for those coordinate posi¬ 
tions making up the outer circle of the work volume when 0 2 is zero. The two alternative 
pairs of joint values are illustrated in Figure 7.16. 

Forward and Backward Transformation for a Robot with Two Joints. Both 
the joint space and world space methods of defining position in the robot’s space are im- 
portant. The joint space method is important because the manipulator positions its end-of- 
arm by moving its joints to certain values. The world space method is important because 
applications of the robot are defined in terms of points in space using the Cartesian coor¬ 
dinate system. What is needed is a means of mapping from one space method to the other. 
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Figure 7.16 For most x-z coordinates in 
the RR robot’s work volume, two 
alternative pairs of joint values are 
possible, called “above” and “below.” 


Mapping from joint spacc to world space is cailed forward transformation, and converting 
from world space to joint Space is called backward transformation. 

The forward and backward transformations are readily accompltshed for the Caite- 
sian coordinate robot of Figure 7.15(a), because the x and z coordinates correspond di- 
rectly with the values of the joints. For the forward transformation, 

x = A 2 and z = A) (7.5) 

and for the backward transformation. 

A, = z and A 2 = x (7.6) 

where x and z are the coordinate values in world space, and A, and X 2 are the values in 
joint spacc. 

For the RR robot of Figure 7.15(b), the forward transformation is calculated by not- 
ing that the lengths and directions of the two links might be viewed as vectors in spacer 

r, = {Z^cosØLLisinØj} (7.7a) 

r 2 = {L 2 cos (ø, + Øj), Li sin (ø, + ø 2 )} (7.7b) 

Vector addition of r, and r 2 (and taking account of link L a ) yields the coordinate val¬ 
ues of x and y at the end-of-arm: 


x = Licosøj + L 2 cos(ø, + ø 2 ) (7.8a) 

z = Lo + L x sinøi + sin (øj + 0 2 ) (7.8b) 

For the backward transformation, we are given the coordinate positions x and zin 
world space, and we must calculate the joint values that will provide those coordinate val¬ 
ues. For our RR robot, we must first decide whether the robot wiil be positioned at the x; 
z coordinates using an “above” or “below” configuration, as defined in Figure 7.16. Let us 
assume that the application cails for the below configuration, so that both 9 { and d 2 will take 
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on positive valuesin our figure. Given the link values L, and L 2 .the following equations 
can be derived for thc two an gies ft and ft: 

i + (z - Lj - i.; - li 

c “" 8 ’ 21 .,/, 

iU Zj(t, I face.«,)- 

tanft = -r—, -:--r---r 

{jr(L t + L? cos ft) + (z — Lq)Li sin ft} 

Forward and Backward Transformation for a Robot with Three Joints. Let us 
consider a manipulator with three degrees-of-freedom, all rotational, in which the third 
joint represents a simple wrist. The robot is a RR: R configuration, shown in Figure 7.17. 
We might argue thai the arm-and-body (RR:) provides position of the end-of-arm, and the 
wrist {: R) provides orientation.The robot is still limited to the x-z plane. Note that we have 
defined the origin of the axis system at the center of joint 1 rather than at the base of link 
0,as in the previous RR robot of Figure 7.15(b).This was done to simplify the equations. 

For the forward transformation, we can compute the x and z coordinates in a way sim- 
ilar to that used for the previous RR robot. 

x = L.cosft + I* cos(ft + 0 2 ) + LjCOs(ø, + ft + ft) (7.10a) 

z = L, sind, + z^sin(ø, + ft) + L 3 sin(ft + ft + ft) (7.10a) 

Let us define a as the orientation angle in Figure 7.17. It is the angle made by the wrist 
with the horizontal. It equals the algebraic sum of the three joint anglcs: 

o = 0, + ft + ft (7.10c) 

In the backward transformation, we are given the world coordinates x, z, and a, and 
we want to calculate the joint values 0,, ft. and 6 } that will achieve those coordinates.This 
is accomplished by first determining the coordinates of joint 3 (x 3 and z, as shown in Fig¬ 
ure 7.17). The coordinates are: 


(7.9a) 

(7.9b) 



Figure 7.17 A robot with RR: R configuration. 
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*3 = x — LjCO&a (7.11a) 

Z 3 = z ~ Z.3 sintr (7-1 lfc) 


Knowing the coordinates of joint 3, the problem of dctermining d-, and 0 2 > s the same 
as for the previous RR configuration robot. 




x\^ z\- L\- 1% 

2 LiLi 


{z 3 (L 1 + Z-jCosØ;) - x 3 L 2 sin & 2 } 
{x 3 (Li + L t cos0 2 ) + Zji^sinØj} 


The value of joint 3 is then determined as 


= « - («■ + »2) 


(7.12a) 


(7.12b) 


(7.12c) 


EX AMPLE 7.1 Backward Transformation for a RR: R Robot 

Given the world coordinates for a RR: R robot (similar to that in Figure 7.17) 
as* = 300 mm, z - 400 mm, and a = 30°; and given that the links have values 
L, = 350 mm, L 2 = 250 mm. and L } - 50 mm, determine the joint angles 6,, 
0 2 , and Øj. 

Solution: The first step is to find x } and ? 3 using Eqs. (7.11) and the given coordinates 
* =■= 300 and z = 400. 

*3 - 300 - 50 cos 30 = 256.7 
Z } = 400 - 50 sin 30 = 375 


Next, we find 0, using Eq. (7.12a): 


+ 375 2 - 350 2 - 250 2 
2(350)(250) 


0.123 


The angle 0, is found using Eq. (7.12b): 

_ 375(350 + 250cos82.9) - 256.7(250)sin82.9 
~~ 256.7(350 + 250cos82.9) + 375(250)sin82.9 


0 2 = 82.9° 


0, = 22.5° 


Finally, ø 3 = 30° - 82.9° - 22.5° 0 3 = -75.4° 


A Four-Jointed Robot in Three Dimensions. Most robots possess a work vol- 
ume with three dimensions. Consider the four degree-of-freedom robot in Figure 7.18. Its 
configuration is TRL: R. Joint 1 (type T) provides rotation about the z axis. Joint 2 (type 
R) provides rotation about a horizontal axis whose direction is determined by joint 1. Joint 
3 (type L) is a piston that allows linear motion in a direction determined by joints 1 and 2. 
And joint 4 (type R) provides rotation about an axis that is parallel to the axis of joint 2. 

The values of the four joints are, respectively, 0],, A,, and 64. Given these values, 
the forward transformation is given by: 
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Figure 7.18 A four degree-of-freedom robot with configuration 
TRL.R. 

x = cosØ|(A 3 cos0 2 + Ltcosa) (7.13a) 

y = sinøi(A,cosfl 2 + i-.cosa) (7.13b) 

z = L, + A 3 sinØj + L a sin a (7,13c) 

where a = 0 2 + 0 4 

In the backward transformation, we are given the world coordinates x, y, z, and a, 
whcrc a specifies oricntation, at least to the extern tliat this configuralion is capable of 
orienting with only one wrist joint.To fuld the joint values, we define the coordinates of joint 
4 as follows,using an approach similar to that used for the RR:R robot analyzed previously: 


y 

tand, = - 

(7.14a) 

at 4 = x - cosØ,{L 4 cosa) 

(7.14b) 

>\ = > ~ sind,(L 4 cos«) 

(7.14c) 

z 4 = z ~ L 4 sin« 

(7.14d) 

A 3 = VxJ + yi + 

(7.14e) 

sin „ _ z » ~ L i 
smd 2 - A? 

(7.140 

e„ = a - 0 2 

(7.14g) 
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EXAMPLE 12 Backn ard Transformation for a TRL: R Robot 

Given the world coordinates for aTRL: R robot (similar to that in Figure 7-18) 
as x = 300 mm, y = 350 mm. z = 400 mm, and a = 45°; and given that the 
Hnks have values L u — 0, T, - 325 mm, A ; has a range from 300 to 500 mm, 
andL 4 = 25 mm,determine the joint angles 0, ,fl 2 .A 3 ,and 0 4 . 

Solution: We begin by tinding 0, using Eq. (7.14a): 

350 

tanØ! = ^ = 1.1667 0, = 49.4“ 

Mcxt.the position of joint 4 must be offset from the given x-y-z world coordinates: 
r. - 300 - cos 49.4(25 cos 45) = 288.5 
y 4 = 350 - sin49.4(25 cos45) = 336.6 
Z« = 400 - 25 sin 45 = 382.3 

The required extension of linear joint 3 can now be determined: 

A 3 = V288.5 : + 336.6* + (382.2 - 325p =■ Vl99815.1 A 3 = 447.0 mm 
Now 0 2 can be found from Eq. (7.14f): 

m*, - 3 S2 t~ 325 - 012*2 »i - 2.36° 

447.0 

Finally, 0 4 = 45° - 7.36° 0 4 “ 37.64° 


Homogeneous Transformations for Manipulator Kinematics. Each of the pre- 
vious manipulators required its own individual analysis, resulting in its own set of trigono- 
metric equations.to accomplish the forward and backward transformations. There is a 
general approach for solving the manipulator kinematic equations based on homogeneous 
transformations. Here we briefly describe the approach to make the reader aware of its 
availability.For those whoare interested in homogeneous transformations for robot kine¬ 
matics, more complete treatments of the topic are presented in several of our references, 
including Craig [3), Groover et al. [6J, and Paul [9]. 

The homogeneous transformation approach utilizes vector and matrix algebra to de- 
fine the joint and link positions and orientations with respect to a fixed coordinate system 
(world space). The end-of-arm is deftned by the following 4X4 matrix: 


o r a. p, 
o, a y p y 
<>z a z Pz 
0 0 1. 


(7.15) 


where T consists of four column vectors representing the position and orientation of the 
end-of-arm or end effectot of the robot, as illustrated in Figure 7.19. The vector p defines 
the position coordinates nf the end effector relative to the world x-y-z coordinate system. 
The vectors a, o, and n define the orientation of the end effector. The a vector, called the 
approach vector, points in the direction of the end effector. The o vector, or orientation 
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Figure 7.19 The four vectors 
representing position and orientation of 
the robot's end effector relative to the 
world coordinates x, y, and z. 


vector , specifies the side-to-side direction of the end effector. For a gripper, this is in the di- 
rection from one fingertip to the opposite fingertip. The n vector is the normal vector, which 
is perpendicular to a and o.Together, the vectors a, o, and n constitute the coordinate axes 
of the tool coordinate system (Section 7.6.1). 

A homogeneous transformation is a 4 x 4 matrix used to define the relative transla¬ 
tion and rotation between coordinate systems in three-dimensional space. In manipulator 
kinematics, calculations based on homogeneous transformations are used to establish the 
geomettic relationships among links of the manipulator. For example, let Ai = a 4 x 4 
matrix that defines the position and orientation of link 1 with respect to the world coordi¬ 
nate axis system. Similarly, A 2 = a 4 X 4 matrix that defines the position and orientation 
of the link 2 with respect to link 1. Then the position and orientation of link 2 with respect 
to the world coordinate system (call it T 2 ) is given by: 

T 2 = A, Aj 

where T 2 mighl represent the position and orientation of the end-of-arm (end of link 2) of 
a manipulator with two joints; and A| and A 2 define the changes in position and orienta¬ 
tion resulting from the actuations of joints 1 and 2 on links 1 and 2, respectively. 

This approach can be extended to manipulators with more than two links. In gener¬ 
al. the position and orientation of the end-of-arm or end effector can be determined as 
the product of a series of homogeneous transformations, usually one transformation for 
each joint-link combination of the manipulator.These homogeneous transformations math- 
ematically define the rotations and translations that are provided by the manipulator's 
joints and links. For the four-jointed robot analyzed earlier, the tool coordinate system 
(position and orientation of the end effector) might be represented relative to the world 
coordinate system as: 


T = A, A 2 A 3 A 4 


(7.16) 
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where T = the transformation matrix defining the tooi coordinate system, as defined in 
Eq. (7.15); and A, = transformation matrices (4 X 4) for each of the four links of the 
manipulator. 


7.7.2 Accuracy and Repeatability 

The capacity of the robot to position and orient the end of its wrist with accuracy and re¬ 
peatability is an important control attribute in nearly all industrial appiications. Some as- 
sembly appiications require that objects be located with a precision of 0.05 mm (0.002 in). 
Olher appiications, such as spot welding, usually require accuracies of 0.5-1.0 mm (0.020- 
0.040 in). Let us examine the question of how a robot is able to move its various joints to 
achieve accurate and repeatable positioning. There are several terms that must be defined 
in the context of this discussion: (1) control resolution, (2) accuracy, and (3) repeatability. 
These terms have the same basic meanings in robotics that they have in NC. In robotics, 
the characteristics are defined at the end of the wrist and in the absence of any end effee- 
tor attached at the wrist. 

Control resolution refers to the capability of the robot’s controller and positioning sys¬ 
tem to divide the range of the joint into closely spaced points that can be identified by the 
controller. These are called addressable poinu because they represent locations to which 
the robot can be commanded to move. Recall from Section 6.6.3 that the capability to di¬ 
vide the range into addressable points depends on two factors; (1) limitations of the electro- 
mechanical components that make up each joint-link combination and (2) the controller’s 
bit storage capacity for thal joint. 

If the joint-link combination consists of a leadscrew drive mechanism, as in the case 
of an NC positioning system, then the methods of Section 6.6.3 can be used lo determine 
the control resolution. We identified this electromechanical control resolution as CR ( . Un- 
fortunately, from our viewpoint of attempting to analyze the control resolution of the robot 
manipulator, there is a mueh wider variety of joints used in robotics than in NC machine 
tools. And it is not possible to analyze the mechanical details of all of the types here. Let 
it suffice to recognize that there is a mechanical limit on the capacity to divide the range 
of each joint-link system into addressable points, and that this limit is given by CR t . 

The secoud limit on control resolution is the bit storage capacity of the controller. 
If b = the number of bits in the bit storage register devoted to a particular joint, then the 
number of addressable points in that joint's range of motion is given by 2 B .The control res¬ 
olution is therefore defined as the distance between adjacent addressable points.This can 
be determined as 


cr j - P.i7) 

where CR 2 = control resolution determined by the robot controller; and R = range of 
the joint-link combination, expressed in linear or angular units, depending on whether the 
joint provides a linear motion (joint types L or O) or a rotary motion (joint types R, T, 
or V).The control resolution of each joint-link mechanism will be the maximum of CR, and 
CR 2 ; that is. 


CR = Max|CR,.CR 2 ) 


(7.18) 
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In our discussion of control resolution for NC (Section 6.6.3), we indicated that it is 
dcsirablc foi CR 2 s CR!, which mcans that thc limning factor in determining control res¬ 
olution is the mechanical system, not the computer control system. Because the mechani 
cal structurc of a robot manipulator is much less rigid than that of a machine tool, the 
control resolution for cach joint of a robot will almost certainly be determined by me¬ 
chanical factors (CR-.). 

Similar to the case of an NC positioning system, the abiiity of a robot manipulator to 
position any given joint-link mechanism at the exact location defined by an addressablc 
point is limitcd by mechanical errors in the joint and associated links. The mechanical er- 
rors arisc from such factors as gear backlash, link deflection, hydraulic fluid leaks, and var- 
ious other sources that depend on the mechanical construction of the given joint-link 
combination. If we characterize the mechanical errors by a normal distribution, as we did 
in Section 6.6.3, wilh mean fi at the addressable point and standard deviation cr charac- 
terizing the magnitude of the error dispersion, then accuracy and repeatability for thc axis 
can be defined. 

Repeatability is the easier term to define. Repeatability is a mcasure of the robot’s abii¬ 
ity to position its end-of-wrist at a previously taught point in the work volume.Each time 
the robot attempts to return to the programmed point it will return to a slightly differeni 
position. Repeatability errors have as their principal source the mechanical errors previ¬ 
ously mentioncd.Therefore, as in NC, for a single joint-link mechanism, 

Repeatability = ±3o- (7.19) 

where rr = standard deviation of the error distribution. 

Accuracy is a measure of the robot’s abiiity to position the end of its wrist at a desired 
location in the work volume. For a single axis, using the same reasoning used to define ac¬ 
curacy in our discussion of NC, we have 


Accuracy = — + 3<r (7,20) 

where CR = control resolution from Eq. (7.18). 

The terms control resolution, accuracy, and repeatability are illustrated in Figure 6.29 
of the pievious cliapler for one axis that is linear. For a roiary joint, these parameters can 
be conceptualized as eithei an angular value of the joint itself or an arc length at the end 
of the joint's output link. 

EXAMPLE 7.3 Control Resolution, Accuracy, and Repeatability in Robotic Ann Joint 

One of the joints of a cerlain industrial robot has a type L joint with a range of 
0.5 m.The bit storage capacity of the robot controller is 10 bits for this joint.The 
mechanical errors form a normally distributed random variable about a given 
taught point. The mean of the distribution is zero and the standard deviation is 
0.06 mm in the direction of the output link of the joint. Determine the control 
resolution (CR 2 ), accuracy, and repeatability for this robot joint. 

Solution: The number of addressable points in the joint range is 2 10 = 1024. The control 
resolution is therefore 

CR 2 = 1Q2 °' 5 _ 1 = 0.004888 m = 0.4888 mm 
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Accuracy is given by Eq. (7.20): 

04888 

Accuracy = — + 3(0.06) = 0.4244 mm 

Repeatability is defined as ± 3 standard deviations 
Repeatability = 3 x 0.06 = 0.18 mm 


Our definitions of control resolution, accuracy, and repeatability have been depicted 
using a single joint or axis.To be of practical value, the accuracy and repeatability of a robot 
manipulator should include the effeet of all of the joints, combined with the effeet of their 
mechanical errors. For a multiple degree-of-freedom robot, accuracy and repeatability will 
vary depending on wherc in the work volume the end-of-wrist is positioned The reason for 
this is that certain joint combinations will tend to magnify the effeet of the control resolu¬ 
tion and mechanical errors. For example. for a polar configuration robot (TRL) with its lin¬ 
ear joint fully extended, any errors in the R or T joints will be larger than when the linear 
joint is fully retracted. 

Robots move in three-dimensional space, and the distribution of repeatability errors 
is therefore three-dimensional. In 3-D, we can conceptualize the normal distribution as a 
sphere whose center (mean) is at the programmed point and whose radius is equal to three 
standard deviations of the repeatability error distribution. For conciseness, repeatability is 
usually expressed in terms of the radius of the sphere; for example, ±1.0 mm (±0.040 in). 
Some of today's small assembly robots have repeatability values as low as ±0.05 mm 
(±0.002 in). 

In reality, the shape of the error distribution will not be a perfeet sphere in three di¬ 
mensions. In other words, the errors will not be isotropic. Instead, the radius will vary be- 
cause the associated mechanical errors will be different in certain directions than in others. 
The mechanical arm of a robot is more rigid in certain directions, and this rigidity influences 
the errors. Also. the so-called sphere will not remain constant in size throughout the robot’s 
work volume. As with spatial resolution, it will be affeeted by the particular combination 
of joint positions of the manipulator. In some regions of the work volume, the repeatabil¬ 
ity errors will be larger than in other regions. 

Accuracy and repeatability have been defined above as static parameters of the ma¬ 
nipulator. However, these precision parameters are affeeted by the dynamic operation of 
the robot. Such characterislics as speed, payload, and direction of approach will affeet the 
robot’s accuracy and repeatability. 
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PROBLEMS 


Robot Anatomy 

7.1 Using the notation scheme for defining manipulator configurations (Section 7.1.2), draw di¬ 
agrams (similar to Figure 7.1) of the following robots: (a) TRT, (b) VVR, (c) VROT. 

7.2 Using the notation scheme for defining manipulator configurations (Section 7.1.2), draw di¬ 
agrams (similar to Figure 7.1) of the following robots: (a) TRL. (b) OLO, (c) LVL. 

7.3 Using the notation scheme for defining manipulator configurations (Section 7.1.2),draw di¬ 
agrams (similar to Figure 7.1) of the following robots: (a)TRT:R, (b)TVR:TR, (c) RR:T. 

7.4 Discuss and sketch the work volumes of the robot configurations for each of the configura¬ 
tions in Problem 7.1. 

7.5 Using the robot configuration notation scheme discussed in Section 7.1, write the configu- 
ratior notations for some of the robots in your laboratory or shop. 

7.6 Describe the differences in onentntion capabilitics and work volumes foi a . TR and a : RT 
wrist assembly. Use sketchcs as needed. 

Robot Applications 

7.7 A robot performs a loading and unloading operation for a machine tool.The work cycle 
consists of the following sequence of activities: 


Seq. 

Activity 

S 

1 

Robot reaches and picks part from incoming conveyor and loads into 
fixture on machine tool. 

5.5 

2 

Machining cycle (automatic). 

33.0 

3 

Robot reaches in, retrieves part from machine tool, and deposits it 
onto outgoing conveyor. 

4.8 

4 

Move back to pickup position. 

1.7 
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The activities are performed sequentially as listed. Every 30 workparts, the cutting tools in 
the machine must be changed. This irregular cycle talces 3.0 min to accomplish.The uptime 
efficiencv of the robot is 97%; and the uptime efficiency of the machine tool is 98%, not in- 
ctudicg mtemiptions for tool changes-These two efficiencies are assumed not to overlap (i.e., 
if the robot breaks down, the cel) will cease to operate, so the machine tool will not have the 
opportunity to break down: and vice versa). Downtime results from electrical and mechan- 
ical malfunclions of the robot, machine tool.ar.d fixture. Determine the houriy production 
rate.taking into account the Lost time due to tool changes and the uptime efficiency. 

7.8 fn Problem 7.7. suppose that a double gripper is used instead of a single gripper as mdicat- 
ed in that problem.The activities in the cycle would be changed as follows: 


Seq. 

Activity 

Time 

(SBC) 

1 

Robot reaches and picks raw part from incoming conveyor in one 
gripper and awaits completion of machining cycle. This activity 
is performed simultaneously with machining cycle. 

3.3 

2 

At completion of previous machining cycle, robot reaches in, retrieves 
finished part from machine, loads raw part into fixture, and movea 
a safe distance from machine. 

5.0 

3 

Machining cycle (automatic). 

33.0 

4 

Robot movesto outgoing conveyor and deposits part. This activity 
is performed simultaneously with machining cycle. 

3.0 

5 

Robot moves back to pickup position. This activity is performed 
simultaneously with machining cycle. 

1.7 


Steps 1,4, and 5 are performed simultaneously with the automatic machining cycle. Steps 2 
and 3 must be performed sequentially.The same tool change statistics and uptime efficien¬ 
cies are applicable. Dctermine the houriy production rate when the double gripper is used, 
taking into account the lost time due to tool changes and the uptime efficiency. 

7.9 Since the robot’s portion of the work cycle requires mueh less time than the machine tool 
in Problem 7.7 does, the possibility of installing a cell with two machines is being consid- 
ered.The robot would load and unload both machines from the same incomingand outgo 
ing conveyors. The machines would be arranged so that distances between the fixturc and 
the conveyors are the same for both machines. Thus, the activity times given in Problem 7.7 
are valid for the two-machine cell. The machining cycles would be staggered so that the 
robot would be servicing only one machine at a time.The tool change statistics and uptime 
efficiencies in Problem 7.7 are applicable. Determine the houriy production rate for the two- 
machine cell. The lost time due to tool changes and the uptime efficiency should be ac- 
counted for. Assume that if one of the two machine tools is down, the other machine can 
continue to operate, but if thé robot is down. the cell operation is stopped. 

7.10 Determine the houriy production rate for a two-machine cell as in Problem 7.9,only that the 
robol is equipped with a double gripper as in Problem 7.8. Assume the activity times from 
Problem 7.8 apply here. 

7.11 The arc-on time is a measure of efficiency in an are welding operation. As indicated in our 
discuastou of arc welding in Section 7.5.2, typical arc-on times in manual welding range be¬ 
tween 20% and 30%. Suppose that a certain welding operation is currently performed using 
a welder and a filter. Production requirements are steady at 500 units per week.The fitter’s 
job is to load the component parts into the fimre and clamp ihem in position for the welder. 
The welder then welds the components m two passes, stopping to reload the welding rod be¬ 
tween the two passes Some time is also lost each cycle for repositioning the welding rod on 
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the work. The fitter’s and wcldcr’s aciivilies are done sequeniially, with times for the vari- 
ous elements as follows: 


Seq. 

Worker and Activity 

s 

1 

Fitter: load and clamp parts 

4.2 

2 

Welder: weld first pass 

2.5 

3 

Welder: reload weld rod 

1.8 

4 

Welder: weld second pass 

2.4 

5 

Welder: repositioning time 

2.0 

6 

Delay time between wor< cycles 

1.1 


Because of fatigue, the welder must take a 20-min rest at mid-morning and mid-afternoon 
and a 40-min lunch break around noon.The fitter joins the welder in these rest breaks.The 
nominal lime of the work shift is 8 hr, but the last 20 min of the shift is nonproductive time 
for clean-up at each workstation. A proposal has been made to install a robot welding cell 
to perform the operation.The cell would be set up with two fixtures so that the robot could 
be welcing one job (the set of parts to be wcided) while the filler is unloading the previous 
job and loading the next Job. In this way. the welding robot and the human titter could be 
working simultaneously rather than sequentially. Also, a continuous wire feed would be used 
rather than individual welding rods It has been estimated that the continuous wire feed 
must be changed only once every 40 parts, and the lost time will be 20 min to make the wire 
change.The times for the various activities in the regular work cycle are as follows: 


Seq. 

Fitter and Robot Activities 

Vme 

(min) 

1 

Fitter: load and clamp parts 

4.2 

2 

Robot: weld complets 

4.0 

3 

Repositioning time 

1.0 

4 

Delay time between work cycles 

0.3 


A 10-min break would be taken by the fitter in the moming and another in the aftemoon, 
and 40 min would be taken for lunch. Clcan-up time at the end of the shift is 20 min. In your 
calcuiations, assume that the proportion uptime of the robot will be 98%, Determine the 
following: (a) arc-on times (expressed as a percentage, using the 8-hr shift as the base) for 
the manual welding operation and the robot welding station, and (b) hourly production rate 
on average throughout the 8-hr shift for the manual welding operation and the robot weld¬ 
ing sution. 

Programming Exercises 

Note: The foliowing problems require access to industrial robots and their associated pro¬ 
gramming manuals in a laboratory setting. 

7.12 The setup for this problem requires a felt-tipped pen mounted to the robot’s end-of-arm 
(or heldsecurely in tbe robot's gripper). Also required is a thick cardboard, mounted on the 
surtace ol the work table. Pieces of piam white paper will be pinned or taped to the cardboard 
surtace.The exercise is the following: Program the robot to write your initials on the paper 
with the felt-tipped pen. 
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7.13 As an enhancemenl of the previous programming exercise. consider the problemof pro¬ 
gramming the robot to write any letter that is entered at the alphanumeric keyboard. Ob- 
viously, a tcxtual programming language is required (o accomplish this exercise. 

7.14 Apparatus required for this exercise consists of twu wood or plastic blocks of two different 
colors that can be grasped by the robot glipper. The blocks should be placed in specific po¬ 
sitions (call the positions A and B on cither side of a center location (called position C).The 
robot should be programmed to do the following: (1) pick up the block at position A and 
place it at the central position C, (2) pick up the block at position B and place it at position 
A. (3) pick up the block at position C and place it at position B (4) Repeat steps (l),(2),and 
(3)continually. 

7.15 Apparatus for this exercise consists of a cardboard hox and a dowel about 4 in long (any 
straight thin cylinder will suffice. e.g, pen or pencil).The dowel is attached to the robot’s end- 
of-artn or held in itsgripper.The dowel is inlended lo simulate an arc welding torch, and the 
edges of the cardboard box are intended to represent the seams that are to be welded. The 
programming exercise is the following: With the box oriented with one of its comers point - 
ing toward the robot, program the robot to wcld the three edges that lead into the corner. 
The dowel (welding torch) must be continuously oriented at a 45° angle with respect to the 
edge being welded. See Figurc P7.15. 


Robot 



Figure P7.15 Orientation of arc welding torch for Problem 7.15. 

7.16 This exercise is intended to simulate a palletizing operation. The apparatus includes: six 
wooden (or plastic or metal) cylinders approximately 20 mm in diameter and 75 mm in 
length, and a 20-mm thick wooden block approximately 100 mm by 133 mm. The block is to 
have six holes of diameter 25 mm driiled in ir as illustrated in Figure P7.16. The wooden 
cylinders represent workparts,and the wooden block represents a pallet, (As an alternative 
to the wooden block, the layout of the pallet can be sketched on a piam piece of paper at¬ 
tached to the wotk table.) The programming exercise is the following: Using the powered 
leadthrough programming method, program the robot to pick up the parts from a fixed po¬ 
sition on the work table and place them into the six positions in the pallet. The fixed posi¬ 
tion on the table might be a stop point on a conveyor. (The student may have to manually 
place the parts at the position if a real conveyor is not available.) 

7.17 This is the same problem as the previous exercise, except that a robot programming lan¬ 
guage should be used, and the positions of the pallet should be defined by calculating their 
x and y coordinates by whatever method is available in the particular programming lan¬ 
guage used. 

7.18 Repeat Problem 7.17, only in the reverse order, to simulate a depalletizing operation. 
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6 Holes (25mm dia ) 



Figure P7.16 Approximate pallet dimensions for Problem 7.16. 


Manipulator Kinematics 

7.19 The joints and links of the RR manipulator in Figure 7.15 have the following values: 
9, = 20°, 9, - 35". Lo = 500 mm. L, = 400 mm. and L, - 300 mm. Determine the values 
of x and z in world space coordinates. 

7.20 The joints and links of the RR manipulator in Figure 7.15 have the following values; 
9, = 45°, Øj = -45°. Lo - 500 mm. L, = 400 mm, and L 2 = 300 mm. Determine the values 
of x and z in world space coordinates. 

7.21 The links of the RR manipulator in Figure 7.15 have the following lengths; 
Lo = 500 mm.L, = 400 mm.and 1. 2 = 300 mm. Determine the values of 0, and ø 2 that po¬ 
sition the end-of-arm at the ( x . z) world coordinate values of {550 mm, 650 mm), Assume 
the manipulator is in the “below” orientation (see Figure 7.16). 

7.22 The joints and links of the RR: R manipulator in Figure 7.17 have the following values: 
0, = 20°, Øj » 15". Øj = 25°, L, = 500mm,Lj = 400 mm. and L, = 25 mm. Determine the 
values of x and z in world space coordinates 

7.23 The joints and links of the RR: R manipulator in Figure 7.17 have the following values: 
0, = 45°, Øj = 45°, Øj ” -135°, Li = 500 mm. L 2 = 400 mm. and /. 3 « 25 mm. Determine 
the values of x and z in world space coordinates 

7.24 The links of the RR:R manipulator in Figure 7.17 have the following lengths: 
L, “ 500 mm.Lj = 400 mm,and Lj « 25 mm. Determine the values of 0,,0 2 ,and 0, that 
position the end-of-arm at the (x, z) world coordinate values of (650 mm, 250 mm), and 
a - 0°. Assume the manipulator is in the “below" orientation (see Figure 7.16), 

7.25 Given the world coordinates for the RR: R robot in Figure 7.17 as x = 400 mm, z = 300 mm, 
and a = 150°; and given that the links have values L, = 350 mm, Lj - 250 mm, and 
L, = 50 mm.determine the joint angles 0,,0 2 , and 0,. Assume the manipulator is in the 
"below’’ orientation (see Figure 7.16). 

7.26 The joints and links of the TRL:R manipulator in Figure 7.18 have the following values: 
ø, » 0°.0 2 = 45°, A, = 400 mm, 04 - 30°, L, = 0, L, = 500 mm, and L« - 20 mm. Deter¬ 
mine the values of x, y, and z in world space coordinates. 

7.27 The joiats and links of the TRL: R manipulator in Figure 7.18 have the following values: 
0, - 45-, øj = 45°. Aj = 300 mm, ø* = -30°, Lo = 0, L, = 500 mm, and L t = 20 mm. De- 
terminc the values of x, y, and z in world space coordinates. 

7.28 Given the world coordinates for the TRL: R robot in Figure 7.18 as x = 300 mm, y = 0, 
z ™ 500 mm, and a = 45°; and given that the links have values Lq = 0, Lj = 400 mm, A 3 
has a range from 200 mm to 350 mm, and L, = 25 mm, determine the joint values 
S,.Øj, A,.andØ,. 

7.29 Given the world coordinates for the TRL: R robot in Figure 7.18asx = 200 mm, y = 300, 
z = 500 mm, and o = 15°; and given that the links have values L 0 = 0, L, = 500 mm, A 3 
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has a range from 300 mm lo 550 mm, and L t = 25 mm, delermine the joint values 8 lt 9 2 , 

Aj, and ft,. 

Accuracy and Repeatabilty 

7.30 The linear joint (type L) of a certain industnal robot is actuated by a piston mechanism. 
1 he lenglh ol the joint when lully retracted is 500 mm and whcn fully extcnded is 1000 mm. 
If the rofcot's controller has an 8-bit storage capacity, determine the control resolution for 
this robot. 

7.31 In the previous problem, the mechanical errors associatcd with the linear joint form a nor¬ 
mal distribution in the direction of the joint actuation with standard deviation = 0.08 mm. 
Determine: (a) the spatial resolution, (b) the accuracy, and (c) die repeatability for the robot. 

7.32 The re vol ving joint (type V) of an industrial robot has a range of 240° rotation. The me- 
chanical errors in the joint and the input/output links can be described by a normal distrib¬ 
ution with ils mean at any given addressable point and a standard deviation of 0.25°. 
Determine the numbcr of storage bits required in the controller memory so that the accu¬ 
racy of the joint is as close as possible to, but iess than, its repeatability. Use six standard de¬ 
viations as the measure of repeatability. 

7.33 A cylindrical robot has a T-type wrist axis that can be rotated a total of five rotations (each 
rotation is a full 360°). Il is desired »o be able to position the wrist with a control resolution 
of 0.5° bctwccn adjacciil addicssahlc points. Determine the numbcr of bits required ln the 
binary register for that axis in the robot's control memory. 

7-34 One axis of a RRL robot is a linear slide with a total range of 950 mm. The robot’s contiol 
memory has a 10-bit capacity. It is assuraed that the mechanical errors associatcd with the 
arm arc normally distributed with a mean at the given taught point and an isotropic standard 
deviation of 0.10 mm. Determine: (a) the control resolution for the axis under consideration, 
(b) the spatial resolution for the axis, (c) the defined accuracy, and (d) tbe repeatability. 

7.35 A TLR robot has a rotational joint (type R) whose output link is connected to the wrist as- 
sembly. Considering the design of this joint only, the output link is 600 mm long, and the 
total range of rotation of the joint is 40°.The spatial resolution of this joint is expressed as 
a linear measure at the wrist and is specified to be ±0.5 mm. It is known that the mechani- 
cal inaccuracies in the joint result in an error of ±0.018° rotation, and it is assumed that the 
output link is perfectly rigid so as to cause no additional errors due to deflection. (a) With 
the given level of mechanical error in the joint, show that it is possible to achieve the spa¬ 
tial resolution specified. (b) Determine the minimum number of bits required in the robot’s 
control memory to obtain the spatial resolution specified. 
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Numerical control (Chapter 6) and industrial robotics (Chapter 7) are primarily concemed 
with motion control, because the applications of machine tools and robots involve the 
movement of a culting tool or end effector, respectively. A more general control category 
is discrete control, defined in Section 4.2.2. In the present chapter, we provide a more-com- 
plete discussion of discrete control, and we examine the two principal industrial controllers 
usetl to implement discrete control: (1) programmable logic controllers (PLCs) and (2) 
personal computers (PCs). 


8 .1 DISCRETE PROCESS CONTROL 

Discrete process control systems deal with parameters and variables that change at dis¬ 
crete moments in time. In addition, the parameters and variables themselves are discrete, 
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typically binary. They can have either of two possible values, 1 or 0. The values mean ON 
or OFF, tnie or false, object present or not present, high voltage value or low voltage value, 
and so on.depending on the application.The binary variables in discrete process control 
are associated with input signals to the controller and output signals from the controller. 
Input signals are typically generated by binary sensors, such as limit switches or photo- 
sensors thal are interfaced to the process. Output signals are generated by the controller 
to operate the process in response to the input signals and as a function of time.These out¬ 
put signals turn on and off switches, motors, valves, and other binary acluators rclated to 
the process. We have compiled a list of binary sensors and actuators, along with the inter¬ 
pretation of their 0 and 1 values, in Table 8.1 .The purpose of the controller is to coordinate 
the various actions of the physical system, such as transferring parts into the workholder, 
feeding the machining workhead, and so on. Discrete process control can be divided into 
two categories: (1) logic control, which is concemed with event-driven changes in the sys¬ 
tem; and (2) sequencing, which is concerned with time-driven changcs in the system. Both 
are referred to as switching systems in the sense that they switch their output values on 
and off in response to changes in events or time. 

8.1.1 Logic Control 

A logte control system, also referred to as combinational logic control, is a switching sys¬ 
tem whose output at any moment is determined exdusively by the values of the inputs. A 
logic control system has no memory and does not consider any previous values of input sig¬ 
nals in determining the output signal. Neither does it have any operating characteristics that 
perform directly as a function of time. 

Let us use an example from robotics to illustrate logic control. Suppose that in a ma- 
chine-loading application. the rohot is programmed to pick up a raw workpart from a 
known stopping point along a conveyor and place it into a forging press. Three conditions 
musl be satisfied to initiate the loading cycle. First, the raw workpart must be at the stop¬ 
ping point; second, the forge press must have completed the process on the previous part; 
and third, the previous part must be removed from the die.The first condition can be in- 
dicated by means of a simple limit switch that senses the presence of the part at the con¬ 
veyor stop and transmits an ON signal to the robot controller. The second condition can 
be indieated by the forge press, which sends an ON signal after it has completed the pre¬ 
vious cycle The third condition might be determined by a photodetector located so as to 
sense the prcscnce or absence of the part in the forging die. When the finished part is re¬ 
moved from the die, an ON signal is transmitted by the photocell. All three of these ON 
signals must be received by the robot controller to initiate the next work cycle. When these 


TABLE 8.1 Binary Sensors and Actuators Used in Discrete Process Control 


Sensor 

One/Zero Interpretation 

Actuator 

One/Zero Interpretation 

Limit switch 

Contact/no contact 

Motor 

On/off 

Photodetector 

On/off 

Control relay 

Contact/no contact 

Push-button switch 

On/off 

Light 

On/off 


On/off 

Val ve 

C los ed/open 

Control relay 

Contact/no contact 

Clutch 

Engaged/not engaged 

Circuit breaker 

Contact/no contact 

Solertoid 

Energized/not energized 



Sec. 8.1 / Discrete Process Control 


259 



Figure 8.1 Eiectrical Circuit lllustrating 
the operation of the logical AND gate. 


input signals have been received by the controller, tne robot loading cycle is switched on. 
No prcvious conditions or past history are needed. 

Elements of Logic Control- The basic elements of logic control are the (ogic gates 
AND, OR, and NOT. In each case, the logic gate is designed to provide a specified output 
value based on the values of the input(s). For both inputs and outputs, the values can be 
either of two levels, the binary values 0 or I. For purposes of industrial control, we define 
0 (zero) to mean OFF, and 1 (one) to mean ON 

The logical AND gate outputs a value of 1 if all of the inputs are 1, and 0 otherwise. 
Figure 8.1 illustrates the operation of a logical AND gate. If both switches XI and X?. (rep- 
resenting inputs) in the circuit are closed, then the lamp Y (representing the output) is on. 
The truth tablc is often used to present the operation of logic systems. A truth table is a tab- 
ulation of all of the combinations of input values to the corresponding logical output val¬ 
ues. The truth table for the AND gate is presented in Table 8.2.The AND gate might be used 
in an automated production system to indicate that two (or more) actions have been suc- 
cessfully completed, therefore signaling that the next step in the process should be initiat- 
ed, The interlock system in our previous robot forging examplc illustrates the AND gate. 
All three conditions must be satisfied before loading of the forge press is allowed tooccur. 

The logical OR gate outputs a value of 1 if either of the inputs has a value of 1 ,and 
0 otherwise. Figure 8.2 shows how the OR gate operates. In this case, the two input signals 
X) and X2 arc arranged in a parallel Circuit, so that if either switch is closed, the lamp Y 
will be on. The truth table for the OR gate is presented in Table 8 3. A possible use of the 
OR gate in a manufacturing system is for safety monitoring. Suppose that two sensors are 


TABLE 8.2 Truth Table for the 
Logical AND Gste 


Inputs 

Output 

XI 

X2 

Y 

0 

0 

0 

0 1 


0 



X2 

-I20V- 


Figure 8,2 Electrical Circuit illustrating 
the operation of the logical OR gate. 
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TABLE 8.3 Truth Table for the 
Logical OR Gate 


Inputs 1 

Output 

XI 

X2 

Y 

0 

0 

0 

0 

1 

1 

1 

0 

1 

7 

1 

1 



Figure 8.3 Electrical Circuit illustrating 
the operation of the logical NOT gate. 


utilized to monitor two different safety hazards. When either hazard is present, the re- 
spectivc sensor cmits a positive signal that sounds an alarm buzzer. 

Both the AND and OR gates can be used wirh two or more inputsThe NOT gate has 
a single input.The logical NOT gate reverses the input signal: If the input is 1, then the out¬ 
put is 0; if the input is 0, then the output is I. Figure 8.3 shows a Circuit in which the input 
switch XI is arranged in parallel wilh the output so that the voltage flows through the 
lower path when the switch is closed (Ihus Y = 0), and through the upper path when the 
switch is open (thus Y - 1). The truth table for the NOT gate is shown in Table 8.4. 

In addition to the three basic elements, there are two more elements that can be used 
in switching circuits: the NAND and NOR gates.The logical NAND gate is formed by 
combining an AND gate and a NOT gate in sequence, yielding the truth table shown in 
Table 8.5(a).Thc logical NOR gate is formed by combining an OR gate followed by a NOT 
gate, providing the truth table in Thble 8.5(b). 

Various diagramming techniques have been developed to represent the logic ele¬ 
ments and their relationships in a given logic control system. The logic network diagram 
is one of the most common methods. Symbols used in the logic network diagram are illus- 
trated in Figure 8.4. We demonstrate the use of the logic network diagram in several ex- 
amples later in this section. 

TABLE 8.5 Truth Tables for the Logical NAND Gate and Logical 
NOR Gate 


(a) NAND (b) NOR 





Inputs 


Output 

Inputs 


Output 

TABLE 8.4 

Truth Table for the 
Logical NOT Gate 

XI. 

X2 i 

Y 

XI 

X2 

Y 

Inputs 

Output 

0 

0 

1 0 

0 

1 

XI 

Y 

0 

1 

1 0 

1 

0 

0 

1 1 

0 

1 1 

0 

0 

’ 

0 1 

1 

0 1 | 


0 
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U.S. symbol 

ISO symbol 

AND 



OR 


«=E}- y 

NOT 

x [> 0—y 

x—[TV y 

NAND 



NOR 




Figure 8.4 Symbols used for logical gates: U.S. and ISO. 

Boolean Algebra. The logic elements form the foundation for a special algebra 
that was developcd around 1847 by George Boole and that bears his namc. Its original 
purpose was to provide a symbolic means of testing whether complex statements of logic 
were TRUE or FALSE, lt was not until ahout a century later that Boolean algebra was 
shown to be useful in digital logic systems. We briefly describe some of the fundamentals 
of Boolean algebra here, with minimum elaboration. In Boolean algebra, the AND func- 
tion is expressed as 


Y = XI ■ X2 (8.1) 

This is called the logical product of XI and X2. The results of the AND funetion for 
four possible combinations of two input binary variables are listed in the truth table of 
previous Table 8.2. The OR funetion in Boolean algebra notation is given by 

Y = XI + X2 (8.2) 

This is called the logical sum of XI and X2. The output of the OR funetion for four possi¬ 
ble combinations of two input binary variables are listed in the truth table of Table 8.3. 

The NOT funetion is referred to as the negation or inversion of the variable. It is in- 
dicated by placing a bar above the variable (e.g., NOT XI = XI). The truth table for the 
NOT funetion is listed in Table 8.4. 

There are certain laws and theorems of Boolean algebra. We cite them in Thble 8.6. 
These laws and theorems can often be applied to simplify logic circuits and reduce the 
number of elements required to implement the logic, with resulting savings in hardware 
and/or programming time. 

EXAMPLE 8.1 Robot Machine Loading 

The robot machine loading example described at the beginning of Section 8.1.1 
required three conditions to be satisfied before the loading scquence was 
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TABLE 8.6 Laws and Theorems of Boolean Algebra 
Commutative Law: 

X + Y = Y + X 
X • Y = Y • X 
Associative Law: 

X + Y + Z = X + |Y + ZJ 
X + Y + Z-1X + Y1 + Z 
X • Y • Z = X • (Y • Z) 

X ■ Y • Z = (X • Y) • Z 
Distributive Law: 

XY + X- Z«X-(Y + Z) 

(X + YMZ + W) = X- Z-t-X-W + Y- Z + Y- W 


Law of Absorption: 

X-(X-tY) = X + X- Y = X 
De Morgan's Laws: 

( XTy ) = X • Y 
(X + Y) = X + Y 
Consistencv Theorem: 

X-Y+ XY =X 
(X + Y) ■ (X + 7) = X 
Inclusion Theorem: 

X-X = 0 
X + X = 1 


initialed. Determine the Boolean algebra expression and the logic network di¬ 
agram for this interlock system. 

Solution: Let Xl = whether the raw workpart is present at the conveyor stopping point 
(XI -■ 1 for present, Xt - 0 foi nol present). Let X2 = whether the press cycle 
for the previous part has completed (X2 = 1 for completed, 0 for not complet- 
ed). Let X3 = whether the previous part has been removed from the die 
(X3 = 1 for Temoved, X3 = 0 for not removed). Finally. let Y = whether the 
loading sequence can be started (Y = 1 forbegin.Y = Oforwait). 

The Boolean algebra expression is: 

Y = XI X2-X3 

All three conditions must be satisfied, so the logical AND funetion is used. All 
of the inputs XI, X2, and X3 must have values of 1 before Y = 1, hence initi- 
ating the start of the loading sequence. The logic network diagram for this in¬ 
terlock condition is presented in Figure 8.5. 


Ftgure 8.5 Logic network diagram for the robotic 
machine loading interlock system in Example 8.1. 


EXAMPLE 8.2 Push-Button Switch 

A push-button switch used for starting and stopping electric motors and other 
powered devices is a comnion hardware componem in an industrial control 
system. As shown in Figure 8.6(a), it consists of a box with two buttons, one for 
START and the other for STOP. When the START button is depressed mo- 
mentarily by a human operator, power is supplied and maintained to the motor 
(or other load) until the STOP button is pressed. POWER-TO-MOTOR is the 
output of the push-button switch. The values of the variables can be defined 
as follows: 

STAR T = 0 normally open contact status 

START = 1 when the ST ART button is pressed to contact 
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<») (b) 

Figure 8.6 (a) Push-button switch of Example 8.2 and (b) its 
logic network diagram. 


STOP = 0 is normally closed contact status 
STOP * 1 when the STOP button is pressed to break contact 
MOTOR = 0 wiren off (not running) 

MOTOR = 1 when on 

POWER-TO-MOTOR = 0 when the contacts are open 
POWER-TO-MOTOR = 1 when the contacts are closed 

The truth table for the push-button is presented in Table 8.7. From an initial 
motor off condition (MOTOR = 0), the motor is started by depressing the start 
button (START = 1). If the stop button is in its normally closed condition 
(STOP = 0),power will besupplied to the motor (POWER-TO-MOTOR = I). 
While the motor is running (MOTOR = 1), it can be stopped by depressing 
the stop button (STOP = l).Thecorrespondingnetwork logic diagram is shown 
in Figure 8.6(b). 

TABLE 8.7 Truth Table for Push-Button Switch of Example 8.2 
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In a sense, the push-button switch of Example 8.2 goes slightly beyond our definition 
of a pure logic system because it exhibits characteristics of memory. The MOTOR and 
POWER-TO-MOTOR variables are virtually the same signal. The conditions that deter- 
mine whether power will flow to the motor are differem depending on the motor ON/OFF 
status. Compare the first four lines of the truth table with the last four lines in Table 8.7. It 
is as if the control logic must remember whether the motor is on or off to decide what con¬ 
ditions will determine the value of the output signal. This memory feature is exhibited by 
the feedback loop (the lower branch) in the logic network diagram of Figure 8.6(b). 

8.1.2 Sequencing 

A sequencing system uses internal timing devices to determine when to initiate changes in 
output variables. Washing machines, drvers. dishwashers, and similar appliances use se¬ 
quencing systems to time the start and stop of cyde elements. There are many industrial 
applicationsof sequencing systems. For example, suppose an induction heatingcoil is used 
to heat the workpart in our previous example of a robotics forging application. Rather 
than use a temperature sensor, the heating cyde could be timed so that enough energy is 
provided to heat the workpart to the desired temperature. The heating process is suffi¬ 
ciently reliable and predictable thal a certain duration of time in the induction coil will 
consistently heat the part to a certain temperature (with minimum variation). 

Many applications in industrial automation require the controller lo provide a 
prescheduled set of ON/OFF values for the output variables. The outputs are often gen- 
erated in an open-loop fashion, meaning that there is no feedback verification that the 
control funetion has actually been executed. Another feature that typifies this mode of 
control is that the sequence of output signals is usually cyclical: the signals occur in the 
same repeated pattem within each regular cycle. Timers and counters illustrate this type of 
control component.They are briefly described in Table 8.8. 


8.2 LADDER LOGIC DIAGRAMS 

The logic network diagrams of the type shown in Figures 8.5 and 8.6(b) are useful for dis- 
playing the reiationships between logic elements. Another diagramming technique that ex¬ 
hibits the logic and, to some extent, the timing and sequencing of the system is the ladder 
logic diagram. This graphical method also has an imporlant virtue in that it is analogous to 
the electricai circuits used to accomplish the logic and sequence control. In addition, lad¬ 
der logic diagrams are familiar to shop personne! who must construct, test, maintain, and 
repair the discrete control system. 


TABLE 8 8 Common Sequencing E lements Used in Discrete Process Control Syhtems 

Timer. This device switches its output on and off at preset time intervals. 

Dram timer. A device with multiple on/off outputs, each of which can be independently 
set with its own time intervals. 

Counters. The counter is a component used to count electricai pulses ond store the 
results of the counling procedure. The instantaneous contents can be displayed 
or used in some control algorithm. 
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In a ladder logic diagram, the various logic elements and other components are dis¬ 
played along horizontal lines or rungs connected on either end to two vertica) rails. as il- 
iustrated in Figure 8.7. The diagram has the general configuration of a ladder, hence its 
name. The elements and components are contacts (usually representing logical inputs) and 
loads (representingoutputs).The power (e.g.,120 V ac) to the components is provided by 
the two vertical rails. It is cuslumaiy in ladder diagrams lo locale the inputs lo the lefl of 
each rung and the outputs to the right. 

Symbols used in ladder diagrams for the common logic and sequencing components 
are presented in Figure 8.8. Normally open contacts of a switch or other similar device are 
symbolized by two short vertical lines along a horizontal rung of the ladder, as in Figure 
8.8(a). Normally dosed contacts are shown as the same vertical lines only with a diagonal 
line across them as in Figure 8.8(b). Both types of contacts are used to represent ON/OFF 
inputs to the logic Circuit. In addition to switches. inputs include relays, on/off sensors (e.g., 
limit switches and photodetectors), timers, and other binary contact devices. 

Output loads such as motors, lights, alarms, solenoids, and other electrical compo¬ 
nents that are tumed on and off by the logic control system are shown as nodes (circles) 
as in Figure 8.8(c).Timers and counters are symbolized by squares (or rectangles) wilh ap- 
propriate inputs and outputs to properly drive the device as shown in Figure 8.8(d), (e). The 
simple timer requires the specification of the time deiay and the input signal that activates 
the deiay, Whcn the input signal is received, the timer waits the specified deiay lime beforc 
switching on the output signal.The timer is reset (the output is set back to its initial value) 
by tuming off the input signal. 
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Figure 8.7 A ladder logic diagram. 
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Figure 8.8 Symbols for common logic and 
sequence elements used in ladder logic diagrams. 
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Countcrs require two inputs. The first is the pulse Irain (series of on/off signals) that 
is counted by the counter. The second is a signal to reset the counter and restart the count- 
ing procedure. Resetting the counter means zeroing the count for a count-up device and 
setting the starting value for a count-down device The accumulated count is retained in 
memory for use if required for the application. 


EXAMPLE 8.3 Three Simple Lamp Circuits 

The three basic logic gates (AND, OR, and NOT) can be symbolized in lad¬ 
der logic diagrams. Consider the three lamp circuits illustrated in Figures 8.1. 
8.2, and 8.3. 

Solution: The three ladder diagrams corresponding to these circuits are presented in Fig- 
ure 8.9(a)-(c). Note the similarity between the original circuit diagrams and the 
ladder diagrams shown here. Notice that the NOT symbol is the same as a nor¬ 
mally dosed contact, which is the logical inverse of a normally open contact. 



Figure 8.9 Three ladder logic diagrams 
for lamp circuits in (a) Figure 8.1, 

(b) Figure 8.2, and (c) Figure 8.3. 


EXAMPLE 8.4 Push-Button Switch 

The operation of the push-button switch of Example 8.2 can be depicted in a 
ladder logic diagram. From Figure 8.6, let START be represented by XI,STOP 
by X2, and MOTOR by Y. 

Solution: The ladder diagram is presented in Figure 8.10. XI and X2 are input contacts, 
and Y is a load in the diagram. Note how Y also serves as an input contact to 
provide the POWER-TO-MOTOR connection. 



oH 


Figure 8.10 Ladder logic diagram for the 
push-button switch in Example 8.4. 
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EX AMPLEN Control Relay 

The operation of a Control relay can be demonstrated by means of the ladder 
logic diagram presented in Figure 8.11 - A relay can be used to control on/off ac- 
tuation of a powcred device at some remote location, It can also be used to de- 
fine alternative decisions in logic control. Our diagram illustrates both uses. 
The relay is indicated by the load C (for control relay), which Controls the on/off 
operation of two motors (or other types of output loads) Y1 and Y2. When the 
control switch X is open, the relay is deenergized, thereby connecting the load 
Y1 to the power lines. In effeet. the open switch X tums on motor Y1 by means 
of the relay. When the control switch is closed, the relay becomes energi/ed 
This opens the normally closed contact of the second rung of the ladder and dos- 
es the normally open contact of the third rung. In effeet, power is shut off to load 
Y1 and lumcd on to load Y2. 






-OH 


Figure 8.11 Ladder logic diagram for the 
control relay in Example 8.5. 


Example 8.5 illustrates several important features of a ladder logic diagram. First, 
the same input can be used more than once in the diagram. In our example, the relay 
contact R was used as an input on both the second and third rungs of the ladder. As we 
shall see in the following section, this feature of using a given relay contact in several 
different rungs of the ladder diagram to serve multiple logic funetions provides a sub- 
stantial advantage for the programmable controller over hardwired control units. With 
hardwired relays, separate contacts would have to he hnilt into the controller for each 
logic funetion. A second feature of Example 8.5 is that it is possible for an output (load) 
on one rung of the diagram lo bc an input (contact) for another rung. The relay C was 
the output on the top rung in Figure 8.11. but that output was used as an input elsewhere 
in the diagram. This same feature was illustrated in the push-hutton ladder diagram of 
Example 8.4. 

EXAMPLE 8.6 

Consider the fluid storage tank illustrated in Figure 8.12. When the start button 
XI is depressed, this energizes the control relay Cl. In tum, this energizes so- 
lenoid SI, which opens a valve allowing fluid to flow into the tank. When the tank 
becomes full, the float switch FS closes, which opens relay Cl, causing the so- 
lenoid SI to be deenergized, thus tumingoff the in-flow. Switch FS also activates 
timer TI. which provides a 120-sec delay for a certain Chemical reaction to occur 
in the tank. At the end of the delay time, the timer energizes a second relay C2, 
which Controls two devices: (1) It energizes solenoid S2, which opens a valve to 
allow the fluid to flow out of the tank; and (2) it initiates timer T2, which waits 
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Figure 8.12 Fluid filling operation of Example 8.6. 


90 sec to allow the contents of the tank to be drained. At the end of the 90 sec, 
the timer breaks the currenl and deenergizes solenoid S2, thus closing the out- 
flow valve. Depressing the start button XI resets the timers and opens their re- 
spective contacts. Construct the ladder logic diagram for the system. 

Solution; The ladder logic diagram is constructed as shown in Figure 8.7 


The ladder logic diagram is an excellent way to represent the combinatorial logic 
Control problems in which the output variables are based directly on the values of the in¬ 
puts. As indicated by Example 8.6, it can also be used to display sequential control (timer) 
problems, although the diagram is somewhat more difficult to interpret and analyze fot 
this purpose. The ladder diagram is the principal technique for setting up the control pro¬ 
grams in PLC& 


8.3 PROGRAMMABLE LOGIC CONTROLLERS 

A programmable logic controller can be defined as a microcomputer-based controller that 
uses stored instructions in programmable memory to implement logic, sequencing, timing, 
counting, and arithmetic functions through digital or analog input/output (I/O) raodules, 
for controlling machines and processes. PLC applications are found in both the process 
industries and discrete manufacturing, but it is primarily associated with the latter indus- 
tries to control machines, transfer lines, and material handling equipment. Before the PLC 
was introduced around 1970, hard-wired controllers composed of relays, coils, counters, 
timers, and similar components were used to implement this type of industrial control (His- 
torical Note 8.1). 



Sec. 8.3 I Programmable Logic Controllers 


Historical Note 8.1 Programmable logic controllers [2], {6|, [8], [9]. 

Tn The mid-1960s. Richard Morlcy was a pariner in Bedford Associates, a New England Con¬ 
sulting firm spccializing in conlrol systems for machinc tool companies. Mnsl of rhe firm's 
work involvcd rcplacing relays wiih minicomputers in machine lool Controls. In January 1968, 
Morley devisrd itv notion and wrote the specifications for the first programmable controller. 1 
It would ovcrcomc some of the hmitations of conventional computers used for process Con¬ 
trol at the tune; namely, it would be a real time processor (Section 4.3.1), it would be pre- 
dictable and reliablc. and il would be modular and rugged. Programming would be based on 
ladder logic. which was widely used in ihe mdustrial Controls. The controller that emerged was 
named the Modicon Model (184. MODICON was an abbreviation of MOdular Digital CON- 
troller. Model 084 was derived from the faet that this was the 84th product developed by Bed¬ 
ford Associates. Morley and his assoaates electcd to start up a new company to produce the 
controllers. and Modicon was incorporated in Octoher 1968. In 1977, Modicon was sold to ; 
Gould and became Gould’s PLC division. 

In Ih: same year that Morley invenled the PLC. the Hydramatic Division of General Mo- 
lors Corporation developed a set ol specifications for a PLC The speciftcations were moti- 
vated by the high cost and lack of flexibility of electromcchanical relay-based controllers used 
extensivelv in Ihe amomotive mdustry to contro! transfer lines and other mechanized and au¬ 
tomated systems The requirements iucluded: (1) The device must be programmable and re- 
programmablc. (2) It musi be designed to operate in an industrial environment. (J) It must 
accept 120 V ac signals from standard push-buttons and limit switches. (4) Its outputs must be 
designed to switch and continuously operatc loads such as motors and relays of 2-A rating. 

(5) Its price and installation cost must be compctitive wiih relay and solid-state logic devices 
then in usc. In addition to Modicon. several other companies saw a commercial opportunity in 
the GM specifications and developed various versions of the PLC. 

Capabilitics of the first PLCs werc similar to those of the relay Controls they replaced. 
They werc hmited to on/off control. Within five years. product enhancements included betler 
operator interfaces. arithmetic capability. data manipulation, and computer Communications, 
lmprovements over the next five years included larger memory, analog and positioning con¬ 
trol. and retnote 1/0 (permitting remute dcvices to be connected to a satellite I/O subsystem 
that was multiplexed lo the PLC using twisted pair). Much of the progress was based on ad- 
vanccmunts taking place in microprocessor tcchnology. By the mid-1980s, the micro PLC had 
heen introduced.This was a down-sizcd PLC with much lowcr size (typical size = 75 mm by 
75 mm by 125 nur.) and cost (less than $500). By the mid-1990s.the nano PLC had arrived. which 
was still smaller and less expensive. 


1 Morley used the abbreviaum PC to refer lo Ihe programmable conlroller This lerm was used for many 
years until IBM began lo call Iheir personal computers by Ihe same » hbreviation in tbe early 1980s.The term PLC, 
widely used lodzy tor programmahle logic controller, was »med by Allen-Bradley. a leading PLC supplier. 


The ro are significant advantages in using a PLC rather than conventional relays, 
timers, counters, and other hardware elements. These advantages include: (1) program¬ 
ming the PLC is easier than wiring Ihe relay control panel; (2) the PLC can be repro- 
grammed. whereas conventional Controls must be rewtred and are often scrapped instead; 
(3) PLCs take less floor Space than do relay control panels; (4) reliability of the PLC is 
greater. and mainlenance is easier; (5) the PLC can be conncctcd to computer systems 
more easily than relays; and (6) PLCs can perform a greater variety of control funetions than 
can relay Controls. 
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In tbis section, we describe the components, programming, and operation of the PLC. Al- 
though its principal applications are in logic control and sequencing (discrete control), 
many PLCs also perform additional functions. and we survey some of these at the end of 
the section. 

8.3.1 Components of the PLC 

A schematic diagram of a PLC is presented in Figure 8.13. The basic components of the PLC 
are the following: (1) processor, (2) memory unit, (3) power supply, (4) I/O module, and 
(5) programming device. These components are housed in a suitable cabinet designed for 
the industrial environment. 

The processor is the central processing unit (CPU) of the programmable controller. 
It executes the various logic and sequencing functions by operating on the PLC inputs to 
determine the appropriate output signals. The typical CPU operating cycle is described in 
Section 8.3.2. The CPU consists of One or more microprocessors similar to those used in 
PCs and other data processing equipment but are designed to facilitate I/O transactions. 
PLC microprocessors include a range of bit sizes and clock speeds. At the smaller end of 
the range are 8-bit devices operating at a clock speed of 4 MHz. Medium-sized and larger 
PLCs use 16- or 32-bit microprocessors running at 33 MHz or faster. 

Connected to the CPU is the PLC memory unit, which contains the programs of logic, 
sequencing, and I/O operations. Il also holds data files associated with these programs, in- 
cluding I/O status bits, countcr and timer constants, and other variable and parameter val- 
ues.This memory unit is referred to as the user or application memory because its contents 
are entered by the user. In addition, the processor also has a system memory that directs 
the execution of the control program and coordinates I/O operations. The contents of the 
system memory are entered by the PLC manufacturer and cannot be accessed or altered 
by the user. Typical PLC memory capacities range from less than 1K (1000) words for small 
controllers to more than 64K. 

A power supply of 120 V altemating current (ae) is typically used lo drive the PLC 
(some units operate on 240 V ac).The power supply converts the 120 V ac into direct cur¬ 
rent (dc) voltages of ±5 V These low voltages are used to operate equipment that may 


Exlemal source 
of power 



Figure 8.13 Components of a PLC. 
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TABLE 8.9 Typical Classification of PLCs 
by Number of Input/Output 
Terminals 


PLC Size 


I/O Count 


Large PLC i 1024 

Medium PLC < 1024 

Small PLC < 256 

Micro PLC -? 32 

Nano PLC ^ 16 


have much highcr voltage and power ratings than the PLC itself. The power supply often 
includes a hattery backup that switches in automatically in the event of an extemal power 
source failure. 

The input/output module provides the connections to the industrial equipment or 
process that is to be controlled. Inputs to the controller are signals from limit switches, 
push-buitons, sensors, and other on/off devices. Outputs from the controller are on/otf sig¬ 
nals to operale motors, valves, and other devices required to actuate the process. In addi¬ 
tion, meny PLCs aie capalilc of accepiing continuous signals from analog sensors and 
generating signals suitable for analog actuatorsThe size of a PLC is usually rated in terms 
of the number of its I/O terminals, as indicated in Table 8.9. 

The PLC is programmed by means of a programming device. The programming de¬ 
vice is usually detachable from the PLC cabinet so that it can be shared among different 
controllers. Different PLC manufacturers provide different devices, ranging from simple 
teach pendant type devices, similar to those used in robotics, to special PLC programming 
keyboards and CRT displays. Personal computers can also be used to program PLCs. A PC 
used for this purpose sometimes remains connected to the PLC to serve a process moni- 
toring or supervision funetion and for conventional data processing applications related to 
the process. 

8.3.2 PLC Operating Cycle 

As far as the PLC user is concerned, the steps in the control program are executed simul- 
taneously and continuously. In truth. a certain amount of time is required for the PLC 
processor to execute the user program during one cycle of operation. The typical operat¬ 
ing cycle of the PLC, called a ae urt, consists of three parts: (1) input scan, (2) program scan, 
and (3) output scan. During the input scan, the inputs to the PLC are read by the proces¬ 
sor and the status of these inputs is stored in memory. Ncxt, the control program is executed 
during the program scan. The input values stored in memory are used in the control logic 
calculations to determine the valnes of the outputs. Finally, during the output scan, the out¬ 
puts are updated to agree with the calculated values.The time to perform the scan is called 
the scan time. and this time depends on the number of inputs that must be read, the com- 
plexity of control funetions to be performed, and the number of outputs that must be 
changed. Scan time also depends on the clock speed of the processor. Scan times typically 
vary hetween I and 25 msec [5], 

One of the potential problems that can occur during the scan cycle is that the value 
of an input can change immediately after it has been sampled. Since the program uses the 
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input value stored in memory, any output values that are dependent on that input are de¬ 
termined incorrectly.There is obviously a potential risk involved in this mode of operation. 
However. the risk is minimized because the time between updates is so short that it is un- 
likely that the output value being incorrect for such a short time duration will have a seri- 
ous effect on process operation. The risk becomes most significant in processes in which 
the response times are very fast and where hazards can occur during the scan time. Some 
PLCs have special features for making “immediate” updates of output signals when input 
variables are known to cycle back and forth at frequencies faster than the scan time. 


8.3.3 Additional Capabilitias of a PLC 

The logic Control and sequencing functions described in Section 8.1 are likely to be the 
principal control operations accomplished by the PLC. These are the functions for which 
the programmable controller was originally designed. However, the PLC has evolved to in- 
clude several capabilities in addition to logic control and sequencing. Some of these addi¬ 
tiona! capabilities available on many commercial PLCs include: 

• Analog control. Proportional-integral-derivative (P1D) control is available on some 
programmable controllers. These control algonthms have traditionally been imple- 
mented on analog controllers. Today the analog control schemes are approximated 
using the digital computer, with cithcr a PLC or a computer process controller. 

• Arithmetic functions. These functions are addition, subtraction, multiplication, and 
division. Use of these functions pennits more-complex control algorithms to be de- 
veloped than what is possible with conventional logic and sequencing elements. 

• Matrix functions. Some PLCs have the capability to perform matrix operations on 
stored values in memory. The capability can be used to compare the actual values of 
a set of inputs and outputs with the values stored in the PLC memory to determine 
if some error has occurred. 

• Data processing and reporting.These functions are typically associated with business 
applications of PCs. PLC manufacturers have found it necessary to include these PC 
capabilities in their controller products. The distinction between PCs and PLCs is be- 
coming less and less clear. 

8.3.4 Programming the PLC 

Programming is the means by which the user enters the control instructions to the PLC 
through the programming device. The most basic control instructions consist of switching, 
logic, sequencing, counting, and timing. Virtually all PLC programming methods provide 
instruction sets that ind ude these functions. Many control applications require additional 
instructions to accomplish analog control of continuous processes, complex control logic, 
data processing and reporting, and other advanced functions not readily performed by the 
basic instruction set. Owing to these differences in requirements, a variety of PLC pro¬ 
gramming languages have been developed. A standard for PLC programming was pub- 
lished by the International Electrotechnical Commission and released in 1992 entitled 
International Standard for Programmable Controllers (IEC 1131-3). This Standard Speci¬ 
fik three graphical languages and two text-based languages for programming PLCs, re- 
spectively. (1) ladder logic diagrams, (2) function block diagrams, (3) sequential functions 
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TABLE 8.10 Features of the Five PLC Languages Specified in the IEC 1131-3 Standard 


Language 

Abbreviation 

Type 

Applications Best Surfed for 

Ladder logic diagram 

<LD] 

Graphical 

Discrete control 

Function block diagram 

(FBD) 

Graphical 

Continuous control 

Sequential function chart 

(SFC) 

Graphical 

Sequencing 

Instruction list 

(IL) 

Text ua 1 

Similar to ladder diagrams 

Structured text 

(ST) 

Textual 

Complex logic, computations, etc. 


charts, (4) instruction list. and (5) structured text. Table 8.10 lists the five languages along 
with the most suitable application of each. IEC 1131-3 also States thai the five languages 
must be able to interact with each other to allow for all possible levels of control sophisti- 
cation in any given application. 

Ladder Logic Diagram. The most widely used PLC programming language today 
involves ladder diagrams (LDs), examples of which are shown in several previous figures. 
As indicated in Section 8.2, ladder diagrams are very convenient for shop personnel who 
are famihar with ladder and Circuit diagrams hut may not be familiar with computers and 
computer programming. The use of ladder logic diagrams does not require them to learn 
an entirely new programming language. 

Direct entry of the ladder logic diagram into the PLC memory requires the use of a 
keyboard and CRT with graphics capability to display symbols representing the components 
and their interrclalionships in the ladder logic diagram. The symbols are similar to those 
presented in Figure 8.8. The PLC keyboard device is often designed with keys for each of 
the individua! symbols. Programming is aixomplished by inserting the appropriate com¬ 
ponents into the rungs of the ladder diagram.The components are of two basic types:con- 
tacts and coils. Contacts are used to represent input switches. relay contacts, and similar 
elements. Coils are used to represent loads such as motors, solenoids, relays. timers, and 
counters. In effeet. the programmer inputs the ladder logic Circuit diagram rung by rung into 
the PLC memory with the CRT displaying the results for verification. 

Function Block Diagrams. The function block diagram (FBD) pruvides a means 
of inputting high-level instructions. Instructionsare composed of operational biocks. Each 
block has one or more inputs and one or more outputs. Within a block, certain operations 
take place on the inputs to transform the signals into the desired outputs. The function 
biocks indude operations such as timers and counters, control computations using equalions 
(e.g., proportional-integral-derivative control), data manipulation, and data transfer to other 
computer-based systems. We leave flirther description of these function biocks to other ref¬ 
erences, such as [5] and the operating manuajs for commercially available PLC products. 

Sequential Function Charts. The sequential function chart (SFC, also called the 
Grafcel method) graphically displays the sequential funetions of an automated system as 
a series of steps and transitions from one State of the system to the next. The sequential 
function chart is described in Boucher [1J. It has become a standard method for docu- 
menting logic control and sequencing in mueh of Europe. However, its use in the Unit¬ 
ed States is more limited, and we refer the reader to the cited reference for more details 
on the method. 
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Instruction List. InstructioD list (IL) programming also provides a way of entering 
the ladder logic diagram into PLC memory. In this melhod, a low-level computer language 
is employed by the programmer to construci the ladder logic diagram by cntering state¬ 
ment!« that specify the various components and their relationships for each rung of the lad¬ 
der diagram. Let us explain this approach by introducing a hypothetical PLC instruction 
set. Our PLC “language' 1 is a composite of various manufacturers' languages containing 
fewer features than most commercially available PLCs. We assume that the programming 
device consists of a suitable keyboard for entering the individual components on each rung 
of the ladder logic diagram. A CRT eapable of displaying each ladder rung {and perhaps 
several rungs that precede it) is useful to veri fy the program. The instruction set for our PLC 
is presented in Table 8.11 with a concise explanation of each instruction. Let us examine 
the use of these commands with several examples. 


EXAMPLE 8.7 Language Commands for AND, OR, and NOT Circuits 

Using the command set in T able 8.11. write the PLC programs for the three lad¬ 
der diagrams from Figure 8.10. depicling the AND, OR, and NOT circuits from 
Figures 8.1,8.2. and 8 3. 


Solution: Commands for the three circuits are listed below. with expianatory comments. 


Command C'omment 


(a) STRX1 
ANDX2 
OUT Y 

(b) STRX1 
ORX2 
OUT Y 

(c) STR NOT XI 
OUT Y 


Store input XI 

Input X2 in series with XI 

Output Y 

Store input XI 

Input X2 parallel with XI 

Output Y 

Store inverse of XI 

Output Y 


TABLE 8.11 Typiral Low-level Language Instruction Set for a PLC 


STR Store a new input and start a new rung of the ladder. 

AND Logical AND referenced with the previously entered element. This is interpreted 
as a series Circuit relative to the previously entered element. 

OR Logical OR referenced with the previously entered element. This is interpreted 
as a parallel Circuit relative to the previously entered element. 

NOT Logical NOT or inverse of entered element. 

OUT Output element for the rung of the ladder diagram. 

TMR Timer element. Requires one input signal to initiate timing sequence. Output 
is delayed relative to input by a duration specified by the programmer in 
seconds. Resetting the timer is accomplisbed by interrupting (stopping) the 
input signal. 

CTR Counter element Requires two inputs: One is the incoming pulse train that is 
counted by the CTR element, the other is the reset signal indicating a restert of 
the counting procedure. 
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EXAMPLE 8.8 Language Comiuands for Control Relay 

Using thc co ni ni and sei in 'lable 8.11. write the PLC program for ihe control 
relay depicled in thc ladder logic diagram of Figure 8.11. 

Solution: Conimands for the three circuits are listed below. wilh explanatory comments 


Command 

STR X 
OUT C 
STR NOT C 
OIJTY1 
STR C 
0UTY2 


Co tn ment 

Store input X 
Output coma« relay C 
Store inverse of C output 
Output load Y1 
Store C output 
Output loac Y2 


The low-lcvel languages are generally limited to thc kinds of logic and sequencing 
funetions that can be defined in a ladder logic diagram. Aithough timers and counters have 
not been illuslrated in the two preceding examples. some of the exercise problems at the 
end of the chapter require the reader lo make use of them. 

Structured Text. Siructured lext (ST) is a high-level computer-type language like- 
ly to bccome more common in Ihe future to program PLCs and PCs for automation and 
control applikations. The principal advantage of a high-level language is its capability to per¬ 
form data processing and calculations on values other than binary. Ladder diagrams and 
low-lcvd PLC languages are usually quite limited in their ability to operate on signals that 
are other than on'off types. The capability to perform data processing and computation 
permits thc use of more-complex control algorithms, Communications with other computer- 
based systems, display of data on a CRT console. and input of data by a human operator. 
Another advantage is the relative ease wilh which si complicated control program can bc 
interpreted by a user. Explanatory comments can be inserted into the program to facilitate 
interpretation. 

8.4 PERSONAL COMPUTERS USING SOFT L OGIC 

In the early 1990s. PCs began lo encroach into applications formerly dominated by PLCs. 
Previously. PLCs were always seen to have the advantage of being designed for Ihe harsh 
environment of the factory, while PCs were designed for ihe office environment. In addi¬ 
tion, with ils huilt-in I/O interface, the PLC could be readily connected to external equip- 
ment, whereas Ihe PC required special 1/0 cards to enable such conneclions. These 
advantages notwithstanding. the technological evolution of PLCs has nol kept pace with 
the development of PCs, new generations of which are introduced with mueh greaterfre- 
quency Ihan PLCs arc.There is mueh more proprictary software and architecture in PLCs 
than in PCs. Over time. this has resulted in a performance disadvantage for PLCs. At time 
of writing, PLC performance lags its PC cnunteipait by as mueh as two years, and the gap 
is inereasing. PC speeds are typically doubling every 18 months or so.accordingly to Moore's 
Law (Section 4.4.6 and Table 4.5), mueh more rapidiy than in PLC technology, which 
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requires that individual companies redesign their proprietary software and architectures 
for each new generation of microprocessors. 

PCs arc now available in more-sturdy enclosures for use in the plant. They can be 
equipped with membrane-type keyboards for protection againsl factory moisture, oil, and 
dirt.Yhey can be ordered with 1/0 cards and related hardware to pro vide the necessary de- 
vices to connect to the plant's equipment and processes. They come with Windows NT or 
olher operating system designed for implementing control applications in addition to tra¬ 
ditional Office software. And they can be programmed with sofl logic, a term used lo de- 
scribe a family of software products that emulate the operations of the built-in control 
software used in PLCs. PLC makers are responding to the PC challenge by including PC 
components and features in their controller products, calling them softPLC or similar 
names to distinguish them from conventional PLCs. Nevertheless, the future is likely to 
see PCs used in inereasing numbers in factory control applications where PI Cs would have 
formerly been used. 

An example of the sofl logic products is FloPro 2 . a software package for PCs thal 
uses a flowehart-based language rather than ladder logic diagrams.The argument for flow- 
chart programming is that most computer software is developed using floweharts. Before 
writing any computer code, the programmer develops a logical and sequential plan using 
floweharts that detail whal decisions and actions the software is to accomplish. With Flo¬ 
Pro, the riuwcliari is entered directly imo the computer. In faet, the FloPro programming 
tools allow the flowehart to be developed on the computer rather than manually before- 
hånd. The control program can be written.debugged.and simulated on a conventional Of¬ 
fice PC before being loaded into the induslrial control computer for the given application. 

FloPro permits the development of multiple floweharts,each designed to accomplish 
a relatively simple control task. The floweharts execute their respective tasks simultaneously 
and utilize a common database, so that a change in a parameter value is available to all of 
the floweharts that use that parameter. The typical program, consisting of many separate 
floweharts, executes in a very short scan cycle. typically less than 10 msec for several hun¬ 
dred I/O points and less than 85 mscc for 11,000 I/O points [4], This makes the execution 
of a FloPro control program on a modem PC comparable to or faster than executing the 
same control funetions on a PLC. 

There are three basic types of graphical symbols in a FloPro flowehart, as illustrated 
in Figure 8.14: (a) cnahle criteria, (b) action blocks, and (c) test blocks.The enable criteria 
is used to determine whether a given flowehart in the larger flowehart program is permit 
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Figure 8.14 Three types of flowehart symbols in FloPro: (a) enable 
criteria. (b) action blocks,and (c) test blocks. 


-FloPro is a software product of NemaSofL a division of Nematron Corporat 


i in Ann Arbor, Mictiigan. 




Problems 


277 


ted to execute. It is generally placed at the beginning of a flowchart .The action block caus- 
es an activity to occur in the con I ro I system.The activity may be to tum off a pump motor, 
start a timer, increment or decrement a counter. begin a feed motion at a transfer line sta¬ 
tion, turn on an alarm signal, or set a parameter value that will be used by another flow- 
chart. Asourexample in Figure 8.14{b) indicates. a single action block can control multiple 
activities simultaneously. The tesi hlnrk is » decision block that is used lo branch to other 
blocks m the flowchart, depending on the status of a system parameter. Accordingly, the test 
block provides the control program with an interlock feature (Section 4.3.2) so that the 
activities of two or more devices in the system can be safely coordinated. In addition lo Flo- 
Pro. there are other soft logic products designed for implementation using PCs. These in- 
clude {at time of wriling) [7]; ControlSuite (Arbor Coast Software, Inc.,affiliate of Xycom, 
Inc.), GeUo (Event Technologies lnc.), OptoControl (Opto 22), and Visual Logic Controller 
(Steeplechase Software Inc). 
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PROBLEMS 


Write the Booiean logic expression for the push-button switch of Example 8.2 using the following 
symbols: XI = START. X2 = STOP.Yl - MOTOR, and Y2 = POWER-TO-MOTOR. 
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8.2 Construct the ladder logic diagram for the robot in;crlock sysiem in Example 8.1. 

8.3 In ihe Circuit of b'igurc 8.1.suppose a photodctcctor is used todetermine whether ihe lamp 
worked. Tf Ihe lamp does not lighi when both switches arc closcd, the photodctcctor causas 
a huzzer lo sound. Conslrucl the ladder logic diagram for this system. 

8.4 (’onsiruct the ladder logic diagrams for (a) the NAND gate and (b) the NOR gate. 

8.5 Conslrucl Ihe ludder logic diagrams for the fol I o wing Boolean logic equations: (a) 
Y - 1X1 f X2)X3,(b)Y = (XI i X2)(X3 4 X4).(c)Y = (XIX2) + X3,(d)Y = X1X2. 

8.6 Write the low-level language statemenls for the rohot interlock system in Example 8.1 using 
the instruction set in Tablc 8.11. 

8.7 Write ihe low-levcl language statements for ihe lamp and photodetector system in Prob¬ 
lem 8.4 using the instruction set in Tablc 8.11. 

8.8 Write the low-level ianguagc statements for the fluid filling operation in Example 8.5 using 
ihe instruction set in Table 8.11. 

8.9 Write the low-level language statements for the four parts of Problem 8.5 using the in¬ 
struction sei in Tabte 8.11. 

8.10 In the fluid filling operation ot Example 8.6. suppose a sensor (e.g.. a submerged float switch) 
is used to determine whether the contents of the tank have been cvacuated, rather than rely 
on timer T2 lo empty the tank (a) Construct the ladder logic diagram for this revised sys¬ 
lem. (b) Write Ihe low-level language statements for the system using the PLC instruction 

setin Tabe 8.11. 

8.11 In the manual operation ol a sheet metal stamping press, a two-button safety interlock sys¬ 
tem is often used to prevent the operator from inadvertently actuating the press while his 
hantl is in the die. Both butluns must be depressed lo aciuate the stamping cycle. In this sys¬ 
tem, one press button is located on one side of the press while the other button is located 
on the opposite side. During ihe work cycle, ihe operator inserts the part into the die and de- 
presscs both push-buttons, using both hånds, (a) Write the Iruth table for this interlock sys¬ 
tem (b) Write the Boolean logic expression for the system, (c) Construct the logic network 
diagram for the syslem. (d) Construct the ladder logic diagram for the system. 

8.12 An emergency stop system is to he designed for a certain automatic production machine. A 
single “starT button is used to turn on the power to the machine at the beginning of the day. 
In addition, therc ate three "siop" buttons located at different locations around the ma¬ 
chine. any one of which can be pressed to immcdiaiely turn ofl power to the machine. (a) 
Write the truth tablc for this system, (b) Write the Boolean logic expression for the system, 
(c) Construct the logic network diagram for rhe system, (d) Construct the ladder logic dia¬ 
gram for ihe system. 

8.13 An industrial robot performs a machine loading and unloading operation. A PLC is used as 
the robot cell controller.The cell operales as follows: (1) a human worker places a workpart 
into a nest. (2) the robot rcaches over and picks up Ihe part and places it into an induction 
heating coil, (3) a time of 10 sec is allowed for the heating operation, and (4) the robot reach- 
es in and retrieves the part and places it on an outgoing conveyor. A limit switch XI (nor¬ 
mally opeD) will be used in Ihe nest to indicate part presence in step (1). Output contact Y1 
will be used to signal the robot to execute step (2) of the work cycle. This is an output con- 
lact for the PLC but an input interlock for the robot controller. Timer TI will be used to 
provide the 10-sec delay in step (3). Output contact Y2 will be used to signal the robot to ex¬ 
ecute step (4). (a) Construct the ladder logic diagram for the system, (b) Write the low-level 
language statements for the system using the PLC instruction set in Table 8.11. 

8.14 A PLC is used to Control the sequence in an automatic drilling operation. A human opera¬ 
tor loads and clainps a raw workpart into a fixture on the drill press table and presses a star; 
button to inuiatc the automatic cycle.The drill spindle turns on, feeds down into the part to 
a certain depth (the depth is determined by limit switch),and then retracts.The fixture then 
indexes to a second drilling position, and the drill feed-and-retracl is repeated. Afler the 
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second drilling operation, the spind le lurns off, and the fixture moves back lo the first posi¬ 
tion. The worker ihen unloads the finished part and loads another raw part. (a) Specify the 
I/O variables tor this system operalion and definc symbols for ihem (e.g., XI,X2. Cl,Yl,etc.). 
(b) Construct the ladder logic diagram for the system, (c) Write the low-level language state- 
ments for the system using the PLC instruction set in Tablc 8.11. 

8.15 An induxtnal furnace is to bc controlled as follows: The contacts of a bimetallic strip inside 
the furnace dosc if the temperature falis below the set point, and open when the tempera 
lure is above the set point. The contacts regulate a control relay that turns the heating ele¬ 
ments of the furnace on and off. If the doot (o the furnace is opened, the heating elements 
are temporarily tumed off until the door is closed. (a) Specify the L/O variables for this sys¬ 
tem operation anddefine symbols for them (c.g..Xl,X2.Cl,Yl).(b) Construct the ladder 
logic diagram for the system, (c) Write the low-lcvcl language statemenls for the system 
using the PLC instruction set in Table 8.11. 
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CHAPTER CONTENTS 

9.1 OverView of Materiel Handling Equipment 

9.2 Considerations in Material Handling System Design 

9.2.1 Material Characteristics 

9.2.2 Flow Rate, Routing, and Scheduling 

9.2.3 Plant layout 

9.3 The 10 Principles ot Material Handling 

Material handling is defined by thc Material Handling Industry of America' as''the move- 
ment, storage, proicction and contro) of matcrials throughout ihe manufacturing and dis¬ 
tribution proccss including their consumption and disposal” [5]. The handling of materials 
must bc performed safely, efficiently. al Jow cost, in a timely manner. accurately (the right 
materials in the right quantities to the right locations), and without damage lo the materi¬ 
als. Material handling is an important yet often overlooked issue in produclion. The cost 
of material handling is a significant portion of total production cost, estimaies averaging 
around 20-25/O of total manufacturing labor cost in the United States [lJ.The proportion 
varies, dependmg on the type of production and degree of automation in the material han¬ 
dling funetion. 

In this part of the book, we discuss thc types of material handling equipment used in 
production systems The position of material handling in the larger production system is 


1 The Material Handling Industry ol America (MHiA) is ihe Irade association for material handlingcom- 
panies that do business in North America.The definiUor ispubluhed in their Annual Report each year [5], 
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shown in Figure 9.1. Material transport equipment is survcyed in Chaptcr 10. Storage sys¬ 
tems are discussed in Chapter 11. And mateiial identification and tracking arc describud 
in Chaptcr 12. In addition.sevcral kinds of material handling devices arc discussed in other 
chaptersof the text.including: industrial robots used for material handling (Section 7.5.1), 
pallet shuttles in NC machining centers (Section 14.2.2). conveyors in manual assembly 
lines (Section 17.1.2), transfer mechanisms in automated transfer lines (Section 18.1.2), 
and parts feeding devices in automated assembly (Section 19.1.2). 

This opening chapter serves as an introduction to the subject of material handling. 
Here wc discuss some of the general considerations and principles that are useful in de- 
signing and managing malerial handling systems. Let us begin by defining the various types 
of material handling equipment. 


9.1 OVERVIEW OF MATERIAL HANDLING EQUIPMENT 

A great variety of material handling equipmenl is availablc commercially. Material handling 
equipment includes: (1) transport equipment,(2) storage systems, (3) unitizing equipment. 
and (4) identification and tracking systems. 

Material Transport Equipment. Material transport includes equipment that is 
used to move materials inside a factory, warehouse, or other facility. This equipment can 
be divided into the following five calegories, illustrated in Figure 9.2: 

(a) Industrial trucks Industrial trucks divide into two types: non-powered and powered. 
Nonpowercd trucks are platforms or containers with wheels that are pushed or pulled 
by human workers to move materials. Powered industrial trucks are steered by human 
workcrs.Thcy provide mechanized movement of materials. 

(b) Automatedguided vehicles (AGVs).AGVs are battery-powered,automatically steered 
vehides that follow defined pathways in the floor. The pathways are unobtrusive. 
AGVs are used to move unit loads between load and unload stations in the facility. 
Routing variations are possible, meaning that different loads move between differ- 
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Figure 9.2 Examples of the five basic types of material handling 
equipment: (a) fork lift truck, industrial truck, (b) unit load auto- 
maied guided vehicle, (c) monorail, (d) roller conveyor, and (e) jib 
crane with hoist. 

cnl stations.They are usually interfaced with olher systems to achieve the full bene- 
fits of integrated automation. 

(c) Monorails and olher rail guided vehicles These are self-propelled vehicles that ride 
on a fixed rail system thai is either on the floor or suspended from the ceiling. The 
vehicles operate independently and are usually driven by electric motors that pick up 
power from an electrified rail. Like AG Vs, routing variations are possible in rail-guid- 
cd vehicle systems. 

(d) Conveyors. Conveyors constitute a large family of material transport equipment that 
are designed to move materials over fixed paths, generally in large quantities or vol- 
umes. Examples ind ud c. roller, helt. and tow-line conveyors. Conveyors can be ei¬ 
ther powsred or nonpowered. Powered conveyors are distinguished from other types 
of powered material transport equipment in that the mechanical drive system is built 
into the fixed path. Nonpowered conveyors are activated either by human workers 
or by gravity. 

(e) Cranes and hoisrs. These are handling devices for lifting, lowering, and transporting 
materials, often as very heavy luads. Hyisls accomplish vertical lifting; both manual¬ 
ly operated and powered types are available. Cranes provide horizontal travel and 
generally include one or more hoists. 
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In addition to the equipment types listed here, which are discussed in greater detail in 
Chaptcr 10, thcre are many kinds of transport equipment that move materials outside the 
factory or warehousc, including highway tractor-trailer trucks, railway trains, cargo aircraft, 
ships, and barges. 

Storage Systems. Although it is generally desirable to reduce the storage of ma¬ 
terials in manufacturing,it seems unavoidable that raw materials and work-in-process will 
spend some time being stored, even if only temporarily. And finished products are likely 
to spend some time in a warehousc or distribution center before being delivered to the 
final customer. Accordingly, companies must give consideration to the most appropriate 
methods for storing materials and products prior to, during, and after manufacture. Stor¬ 
age methods and equipment can be classified as follows: 

(a) Bulk storage■ This consists of simply storing materials in an open floor area, gener¬ 
ally in pallet loads or other containers. It requires little or no storage equipment. 

(b) Rack systems. Rack systems are structural frames designed to stack unit loads verti- 
caily.thus increasing the vertical storage efficiency compared to bulk storage. 

(c) Shelving und bins Steel shelving comes in standard widths, depths, and heights lo 
serve a variety of storage requirements Shelves can include hins, which are contain¬ 
ers for ioose items. 

(d) Drawer storage. This storage medium is more costly than shelves, but it is more con- 
venient. Finding items stored in shelves can be difficult if the shelf level is too high or 
too low or too deep. Drawers compensate for this by pulling out to reveal their entire 
contents. Drawer storage is generally used for tools, hardware, and other small items. 

(c) Automated storage systems. Automated and semiautomated systems are available to 
deposit and wilhdraw items into and from the storage compartments.There are two 
basic types: (1) automated storage/retrieval systems, consisting of rack and shelf sys¬ 
tems that are accessed by an automat ed or mechanized crane, and (2) carousel sys¬ 
tems that rotate storage bins past a stationary load/unload station. 

These storage methods are described in greater detail in Chapter I!. Mathematicai mod¬ 
els are developed to predict throughput and other performaoce measures of the antnmat- 
ed systems. 

Unitizing Equipment. The term unitizing equipment refers to (1) containers used 
to hold individual items during handling and (2) equipment used to load and package the 
containers. Containers include pallets, boxes, baskets, barreis, pails, and drums, some of 
which are shown in Figure 9.3. Although seemingly mundane. this type of equipment is 
very important for moving materials efficiently as a unit load. rather than as individual 
items. A given faciliiy must o/ten standardize on a speciftc type and size of container if it 
utilizes automatic transport and/or storage equipment to handle the loads. 

The second category of unitizing equipment, loading and packaging equipment, in- 
cludcspaf/efizerj, designed to automatically load cartons onto pallets and shrink-wrap plas¬ 
tic film around them for shipping. Other wrapping and packaging machines are also included 
in this equipment category, as are depalletizers, designed to unload cartons from pallets. 

Identification and Tracking Systems. Material handling must include a means 
of keeping track of the materials being moved or stored. This is usually done by affixing 
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Figure 9.3 Examples of unit load containers for material handling: 
(a) wooden pallet,(b) pallet box.and (c) tote box. 


some kind of label to the item, carton, or unit load tbat uniquely identifies it. The most 
common label used today consists of bar codes that can be read quickly and automatical- 
ly by bar code readers.This is the same basic technology used by grocery stores and retail 
merchandisers- Other types of labels indude magnetic stripes and radio frequency tags 
that are generally capable of encoding more data than bar codes.These and other automatic 
identification techniques are discussed in Chapter 12. 


9.2 CONSIDERATIONS IN MATERIAL HANDLING SYSTEMDESIGN 

Material handling equipment is usually assembled into a system.The system must be spec- 
ified and configured to satisfy the requirements of a particular application Design <»f the 
system depends on the materials to be håndled, quantities and distances to be moved. type 
of production facility served by the handling system, and other factors, including available 
budget. In this section, we consider these factors that influence the design of the material 
handling system. 


9.2.1 Material Characteristics 

For handling purposes, materials can be classified by the physical characteristics present- 
ed in Table 9.1. suggested by a classification scheme of Muther and Haganas [7], Design of 
the material handling system must take these factors into aceount. For example, if the ma¬ 
terial is a liquid and is to be moved in this state over long distances in great volumes,then 
a pipeline is probably the appropriate transport means. But this handling method would 
be quite inappropriate for moving a liquid contained in barreis or other containers. Mate¬ 
rials in a factory usually consist of solid items: raw materials, parts, and finished or semi- 
finished products. 
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TABLE 9.1 Characteristics of Materials in Material Handling 


Category 

Measures or Descriptors 

Physical State 

Solid, liquid, or gas 

Sze 

Volume; length, widtb, height 


Weight per piece. weight per unit volume 


Long and flat, round, square, etc. 

Condition 

Hol, cold, wet, dirty, sticky 

Risk of damaqe 

Fraqile, brittle, sturdy 

Safety risk 

Explosive. flammable, toxic, corrosive, etc. 


9.2.2 Flow Rate. Routing, and Scheduling 

In addition to material characteristics, other factors must be considered in analyzing sys¬ 
tem rcquirementsand determining which type of equipment is most appropriate for the ap- 
plication.Thesc other factors include: (1) quantities and flow rates of materials to be ntoved, 
(2) routing factors, and (3) scheduling of the moves. 

The amount or quantity of malerial to be moved affeets the type of handling system 
that should be installed. If large quantities of material must be håndled, then a dedicated 
handling system is appropriate. If the quantity of a particular material type is small but 
there are many different material types to be moved. then the handling system must be de¬ 
signed to be shared by the various materials moved. The amount of material moved must 
be considered in the context of time, that is. how mueh material is moved within a given time 
period. We refer to the amount of material moved per unit time as the flow rate. Depend- 
ing on the form of the material, flow rate is measured in pieces/hr, pallet loads/hr, tons/hr, 
ft’/day.or similar units. Whether the material must be moved as individual units, in batch- 
es, or continuously has an effeet on the selection of handling method. 

Routing factors include pickup and drop-off locations, move distances, routing vari¬ 
ations, and conditions that exist along the routes. Given that other factors remain constant, 
handling cost is directly related to the distance of the move: The longer the move distance, 
the greater the cost. Routing variations occur because different materials follow different 
flow patterns in the factory or warehouse. If these differences exist, the material handling 
system must be flexible enough to deal with them. Conditions along the route include floor 
surface condition, traffic congestion, whether a ponion of the move is outdoors, whether 
the palh is straight line or involves turns and changes in elevation, and the presence or ab 
sence of peoplc along the path. All of these routing factors affeet the design of the mater¬ 
ial transport system. Figurc 9.4 is presented as a rough guide to the selection of material 
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Figure 9.4 General types of material transport equipment as a func- 
tion of material quantity and distance moved. 
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handling equipmcnt for somc of the Application characteristics we have discussed here. 
specifically flow rate and distance moved. 

Sckéduting relates to the timing oi each individual delivery. In produetion as well as 
m many other materiai handling applications, the malerial must be picked up and delivered 
promptly lo its proper destination to maintain peak performance and efficiency of the 
overall system.To the extent required by the application, the handling system must be re- 
sponsive to this need lor timely pickup and delivery of the items. Rush jobs inerease ma¬ 
teriai handling cost. Schcduling urgency is often mitigaled by providing Space for buffer 
stoeks of materiaU at pickup and drop-off points. This allows a “float" of materials lo exisl 
in the system, thus reducing the pressure on the handling system for immediate response 
to a delivery request. 

9.2.3 Plant Layout 

Plant layout is an important factor in the design of a materiai handling systein. In the case 
of a new facility. the design of the handling system should be considered part of the layout 
design. In this way.thcre is greater opportunity to create a layout that oplimizes materiai 
flow in the building and utilizes the most appropriate type of handling system. In the case 
of an existing facility. there is less flexibility in Ihe design of the handling system. The pre¬ 
sent arrangement of departments and equipmcnt in the building usually limits the attain- 
ment of optimum flow patterns. 

The plant layout design should pro\ ide the foliowing data for use in the design of the 
handling system: total area of the facility and areas within specific departments in the plant, 
arrangement of cquipment in the layout, locations where materials must be picked up (load 
stations) and delivered (unload stations), possible routes between these locations, and dis¬ 
tances traveled. Opportunilies to combine deliveries and potential locations in the layout 
where congestion might occur must be considered. Each of these factors affeets flow pat- 
terns and selcction of materiai handling cquipment. 

In Section 1.1, we described the conventional types of plant layout used in manufac¬ 
turing: fixed-position layout,process layout, and product layout. Different materiai handling 
systems are generally required for the three layout types. In a fixed-position layout , the 
product is large and heavy and therefore remains in a single location during most of its 
fabrication. Heavy componcnts and suhassemblies must be moved to the product. Han¬ 
dling systems used for these moves in fixed-position layouts are large and often mobile. 
Cranes. hoists. and trucks are coimnon in this situation. 

In process layouts, a variety of different products are manufacturcd in small or medi¬ 
um batch sizes.Thc handling system must bc flexible to deal wilh the variations. Consid- 
erable work-in-process is usually one of the characteristics of batch produetion, and the 
materiai handling system must be capable of accommodating this invenlory. Hånd trucks 
and forklift trucks (for moving pallet loads of parts) are commonly used in process type lay¬ 
outs. Factory applications of automated guided vehicle systems are growing because they 
represent a versatile means of handling Ihe different load confi guratio ns in medium and 
low volume produetion. Work-in-progress is often stored on the factory floor near the next 
scheduled machines. More svstematic ways of managing in-process invenlory include au¬ 
tomated storage systems (Section 11.4). 

Finally, a product layout involver produetion of a standard or ncariy identical types 
of product in relative))- high quanlities. Final assembly plants for cars, trucks, and appli- 
ances are usually designed as product layouts. The transport system that moves tbe prod¬ 
uct is typicaily characterized as lixed route. mechanized, and capable of large flow rates, le 
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TABLE 9.2 Types of Material Handling Equipment Associated with Three Layout Types 


Layout Type 

Characteristics 

Typical Material Handling Equipment 

Fixed-position 

Large producl si2e, low production rate 

Cranes, hoists, industrial trucks 

Process 

Variations in product and processing, 
low and medium production rates 

Hånd trucks, forklift trucks, automated 
gu ided vehide systems 

Product 

Limited product variety. high 
production rate 

Conveyors for product flow, trucks to 
deliver components to stations. 


sometimcs serves as a stoiage arca for work-in-process to reduce cffccts of downtime be- 
tween production areas along the line of product flow. Conveyor systems are coimmon in 
producl layouts. Dclivery of component parts to the various assembly workstations along 
the flow path is accomplished by trucks and similar unit load vehicles. 

Table 9.2 summarizes the characteristics of the three conventional layout types and 
the kinds of material handling equipment usually associated with each layout type. 


9.3 THE 10 PRINCIPLES OF MATERIAL HANDLING 

Over time certain principles have been found 10 be applicable in the analysis, design, and 
operation of material handling systems. The 10 principles of material handling 2 are listed 
and explained in Table 9.3. Implementing these principles will result in safer operating con- 
ditions, lower costs, and better utilization and performance of material handling systems 

The unit load principle stands as one of the most important and widely applied prin¬ 
ciples in material handling. In material handling, a unit load is simply the mass that is to be 
moved or otherwise håndled at onc time. The unit load may eonsist of only one part, il 
may eonsist of a container loaded with multiple parts, or it may eonsist ol a pallct loaded 
with multiple containers of parts. In general, the unit load should be designed to be as large 
as is practical for the material handling system that will move or store it. subject to con- 
siderations of safety.conveniencc, and access to the materials making up the unit load. This 
principle is widely applied in the truck, rail, and ship industries. Palletized unit loads are col- 
lected into truck loads, which then become unit loads themselves, but larger. Then these 
truck loads are aggregated once again on freight trains or ships. in effeet becoming even larg¬ 
er unit loads. 

There are good reasons for using unit loads in material handling [9]: (1) Multiple 
items ean bc håndled simultaneously, (2) the required number of trips is reduced, (3) load- 
ing and unloading times are reduced, and (4) product damage is decreased. These reasons 
result in lower cost and higher operating efficiency. 

Included in the definition of unit load is the container that holds or supports the ma¬ 
terials to be moved.To the extent possible, these containers are standardized in size and con- 
figuration to be compatiblc with the material handling system. Examples of containers 
used to form unit loads in material handling are illustrated in Figure 9.3. Of the available 


The in principles werc ccvclopetl by the College Induslry Council on Malenal Handling Education 
(CICM1IC). a CountB of ihe Maierial Handling Institut« (MHf), which is the educational division of the Mate¬ 
rial Handling Induslry of America. MHI first publishcd Ihe 10 principles in 199? They are based on two earlier 
versions of malenal handKng principles published in 1968 and 1993 by CICMHE. 
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TABLE 9.3 The 10 Principles of Material Handling [CICMHE1 


Principle 1 Pi an ni mg Pr,nciple: All material handling should be the result ofa deliberate plan where the needs, 
performance objectives, and functional specification o f the proposed methods are completely defined at the 

• The plan should be developed in consultation between the planner(s) and all who will use and benefit from 

• Success in planning large-scale material handling projects generally requires a team approach involving 
suppliers, consultants when appropriate, and end user specialists from management, engineering, 
computer and information systems, finance, and operations. 

• The plan should promote concurrent engineering of product, process design, process layout, and material 
handling methods as opposed to independent and sequential design practices. 

• The plan should reflect the strategic objectives of the organization as well as the more immediate needs. 
Principle 2. Standaroization Principle: Material handling methods, equipment, Controls, and software should 
be standardized within the limits of achieving overall performance objectives and without sacrificing needød 
flexibility, modularity, and throughput. 

• Standardization means less variety and customization ir the methods and equipment employed. 

• Standardization applies to sizes of containersand otherioad forming components as well as operating 
procedures and equipment. 

• The planner should select methods and equipment that can perform a variety of tasks under a variety of 
operating conditions and in anticipation of changing future requirements. 

• Standardization, flexibility, and modularity must not be incompatible. 

Principle 3. Work Principlf: Material handling work should be minimized without sacrificing productivity or 
the level o f service required o f the operation. 

• The measure of material handling work is flow rate (volume, weight, or count per unit of time) multiplied by 
distance moved. 

< Consider each pickup and set-down, or placing material in and out of storage, as distinct moves and 
components of the distance moved. 

• Simplifying processes by reducing, combining, shortening, or eliminating unnecessary moves will reduce 
work. 

• Where possible, gravity should be used to move materials or to assist in their movement while respecting 
consideration of safety and the potential for product damage. 

• The Work Principle applies universally. from mechanized material handling in a factory to over-the-road 
trucking. 

• The Work Principle is implemented best by appropriate layout planning: locating the production equipment 
into a physical arrangement corresponding to the flow of work. This arrangement tends to minimize the 
distances that must be traveled by the materials being processed. 

Principle 4. Ergonomic Principis: Human capabilities and limitations must be recognized and respected in the 
design of material handling tasks and equipment to ensure safe and effective operations. 

’ Ergonomics is the science that seeksto adapt work or working conditions to suit the abilities of the worker. 

• The material handling workplace and the equipment must be designed so they are safe for people. 

• The ergonomic principle embraces both physical and mental tasks. 

• Equipment should be selected that eliminates repetitive and strenuous manual labor and that effectively 
interacts with human operators and users. 

Principle 5. UNrr Load Principle: Unit loads shal! be appropriately sized and configured in a way which 
achieves the material flow and inventory objectives at each stage in the supply Chain. 

• A unit load is one that can be stored or moved as a single entity at one time, such as a pallet, container, or 
tote, regardless of the number of individual items that make up the load. 

• Less effort and work are required to collect and move many individual items as a single load than to move 
many items one at a time. 

• Large unit loads are common both pre- and postmanufacturing in the form of raw materials and finished 
goods. 

• Smaller unit loads ar« cunsistent with manufacturing strategies that embrace operating objectives such as 
flexibility, continuous flow and just-in-time delivery. Smaller unit loads (as few as one item) yield less in- 
process inventory and shorter item throughput times. 


Continued on next page 
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TABLE 9.3 Continued 


Principis 6. Space Utiuzation Principle: Effective and efficient use must be made of all available space. 

• Space in material handling is three-dimensional and therefore is counted as cubic space. 

• In storage areas, the objective of maximizing storage density must be balanced against accessibility and 
selectivity. 

• When transporting loads within a faeility, the use of overhead s pace should be considered as an option. Use 
of overhead material handling systems saves valuable floor space for productive purposes. 

Principle 7, System Principle; Material movement and storage activities should be fully Integrated to form a 
coordinated, operational system that spåns receiving, inspection, storage, production, assembly, packaging, 
unltizing, order selection, shipping, transportation, and the handling o f returns. 

• Systems integration should encompass the entire supply chain, including reverse logistics. It should include 
suppliers, manufacturers, distributørs, and customers. 

• Inventory levels should be minimized at all stages of production and distribution while respecting 
considerations of process variability and customer service. 

• Information flow and physical material flow should be integrated and treated as concurrent activities. 

• Methods should be provided for easily identifying materials and products, for determining their location 
and status within facilities and within the supply chain, and for controlling their movement. 

Principle 8. Automation PeiNciPif; Material handling operations should be mechanized and/or automated 
where feasible to improve operational efficiency, increase responsiveness, improve consistency and 
pradlctability. decrease operating costs, and eliminate repetitive or potentially unsafe manual labor. 

- In any project in whicb automation is being cunsideied, pre-existing processes and methods should be 
simplified and/or re-engineered before any efforts to install mechanized or automated systems. Such 
analysis may lead to elimination of unnecessary steps in the method. If the method can be sufficiently 
simplified, it may not be necessary to automate the process. 

• Items that are expected to be håndled automatically must have standard shapes and/or features that permit 
mechanized and/or automated handling. 

• Interface issues are critical to successful automation, including equipmem-io-equipment, equipment-to- 
load, equipment-to-operator, and in-control Communications. 

• Computerized material handling systems should be considered where appropriate for effective integration 
of material flow and information management. 

Principle 9. Environmental Principle. Environmental impact and energyconsumption should be considered as 
criteria when designing or selecting alternative equipment and material handling systems. 

• Environmental consciousness stems from a desire not to waste natural resources and to predict and 
eliminate the possible negative effects of our daily actions on the environment. 

• Containers, pallets, and other products used to form and protect unit loads should be designed for 
reuaebility when possible and/or biodegradability after disposel 

• Materials specified as hazardous have special needs with regard to spill protection, combustibilily, and 
other risks. 

Principle 10. Life Cycle Cost Pwnciple: A thorough economic analysis should account for the entire life cycle of 
all materie! handling equipment and resulting systems. 

• Life cycle costs include all cash flows that occur between the time the first dollar is spent to plan a new 
material handling method or piece of equipment until that method and/or equipment is totally replaced. 

• Life cycle costs include Capital investment, installation, setup and equipment progrsmming, training, 
system testing and acceptance, operating (labor, Utilities, etc.), maintenance and repair, reuse value, and 
ultimate disposal. 

• A plan for preventive and predictive maintenance should be prepared for the equipment, and the estimated 
cost of maintenance and spare parts should be included in the economic analysis. 

• A long-range plan for replacement of the equipment when it becomss obsolete should be prepared. 

• Although measurable cost is a primary factor, it is certainly not the only factor in selecting among 
alternatives. Other factors of a strategic nature to the organization and that form the basis for competltion 
in the market place should be considered and quanlilied whenever possible. 
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TABLE 9.4 Standard Pallet Sizes Commonly Used 
in Factories and Warehouses 


Depth = * Dimension Width = y Dimension 


800 mm (32 in 
900 mm (36 in 
1000 mm (40 in 
1060 mm (42 in 
1200 mm (48 in 


Sovrces: (MHHBI, IT&W. 


1000 mm (40 in) 
1200 mm (48 in) 
1200 mm (48 in) 
1060 mm (42 in) 
1200 mm (48 in) 


container-,, paiiets arc probably the most widely used, owing lo Uieir versaiility, low cost. 
and compatibilily with various types of material handling equipinent. Most factories and 
warehouses use forklift trucks to move materials on pallets. Table 9.4 lists some of the most 
popular standard palict sizes in use today. We make use of these standard pallet sizes in some 
of our analysis of automaled slorage/relrieval systems in Chapter 1 1. 
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In this chapter we examine the five categories of material transport equipment common- 
ly used to move parts and other materials in manufacturing and warehouse facilities: 
(1) industrial trucks, (2) automated guided vehicles, (3) monorails and other rail guided 
vehicles, (4) conveyors, and (5) cranes and hoists. Table 10.1 summarizes the principal fea¬ 
tures and kinds of applications for each equipment category. In Section 10.6, we consid- 
er quantitativc tcchniqucs by which material transport systems consisting of tilis equipment 
can be analyzed. 
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TABLE 10.1 Summary of Features and Applications of Five Categories of Material Handling Equipment 


Material Handling Equipment 

Features 

Typica1 Applications 

Industrial trucks, manual 

Low rate of deliveries/hr 

Moving light loads in a factory 

Industrial trucks, powered 

Medium cost 

Move ment ot pallet loads and 
pal lethed containers in a factory 
or warehouse 

Automated guided vehicle 
systems 

Batte ry-powered vehicles 

Flexible routing 

Nonobstructive pathways 

Moving pallet loads in factory 
or warehouse 

Moving work-irvprocess along 
variable routes in iow 
and medium production 

Monorails and other rail guided 
vehicles 

High cost 

Flexible routing 

On-the-floor or overhead types 

Moving single assemblies, products, 
or pellet loads along variable 
routes in factory or warehouse 
Moving large quantities of items over 
fixed routes in a factory 
or warehouse 

Conveyors, powered 

Great variety of equipment 

In-floor, on-the-floor, or overhead 
Vlechanical power to move loads 
resides in pathway 

Moving products along a manual 
assembly line 

Sortetion of items in a distribution 
center 

Cranes and hoists 

Lift capacities ranging up to more 
than 100 tons 

Moving large, heavy items 
in factories, miils, warehouses, etc. 


10.1 INDUSTRIAL TRUCKS 


Industrial trucks are dividcd into two categories: nonpowered and powered. The nonpow- 
ered types are ofter referred to as hånd trucks because they are pushed or pulled by human 
workers. Ouantities of material moved and distances are relatively low when this type of 
equipment is used to transport malerials. Hånd trucks are classified as either two-wheel or 
multiple-wheel. Two-wheel hånd trucks. Figure 10.1(a),are generally easier to manipulate 
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by the worker but are limited to lighter ioads. Multiple-wheeled hånd trucks are available 
in several types and sizes.Two common types are dollies and pallet trucks. Dollies arc sim¬ 
ple frames or platforms as shown in Figure 10.1(b). Various wheel configurations are pos- 
sible. including fixed wheels and caster-type wheels. Paller trucks. Figure 10.1(c), have two 
forks that can be inserted through the openings in a pallct. A lift mcchanism is actuated by 
the worker to lift and lower the pallct off the ground using small diameter wheels near the 
end of the forks. In operation, the worker inserts the forks into the pallet, elevates the load, 
pulis the truck to its destination, then lowers the pallet, and removes the forks. 

Powered trucks are self-propcllcd to relieve the worker of manually having to move 
the truck. Three common types are used in factories and warehouses: (a) walkie trucks, 
(b) forklift rider trucks, and (c) towing Iractors. Walkie trucks , Figure 10.2(a). are battery- 
powered vehicles equipped with whccled forks for insertion into pallet openings but with 
no provision for a worker to ride on the vehicle.The truck is sleered by a worker using a 
Control handle at the front of the vehicle.The forward speed of a walkie truck is limited to 
around 3 mi/hr (5 km/hr). which is about equal to the normal walking speed of a human. 

Forklift rider trucks. Figure 10.2(b), arc distinguished from walkie trucks by the pres- 
ence of a modest cab for the worker to sit in and drive the vehiele. Forklift trucks range in 
load carrying capacily from about 450 kg (1,000 Ib) up lo more than 4,500 kg (10,000 Ib). 
The various applications for which forklifl trucks are used have resulted in a variety of ve¬ 
hiele features and configurations. These include trucks with high reach eapacilies for ac- 
cessing pallet loads on high rack systems and trucks capable of operating in the narrow 



Figure 10.2 Three principal types of powered trucks: (a) walkie 
truck, (b) fork lift truck, and (c) towing tractor. 
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aisles of high-density storage racks. Power sources for forklift trucks are either internal 
combustion sngines (gasoline. liqucfied petroleum gas.or compressed natural gas) or elec- 
tric motors (using on-board battenes). 

Industrial towing tractors. Figurc 10.2(c). are designed to pull one or more trailing 
earls over the relatively smooth surfaces found in factories and warehouses. They are gen¬ 
erally used for meving large amounts of inaterials between major collection and distribu¬ 
tion areas.The runs between origination and destination points are usuallv fairly (ong. 
Power issupplied either by electrical motor (battery-powered) or internal combustion en- 
gine.'low tractors also find significant applications in air transport operations for moving 
baggage and air freight in airports 


10.2 AUTOMATED GUIDED VEHICLE SYSTEMS 


An automated guided vehicle system (AGVS) is a matenal handling system that uses in- 
dependently opciated, self-propclled vehicles guided along defined pathways. The vehi- 
cles are powered by on-board batteries that allow many hoursof operation (8-16 hr is 
typical) between recharging. A dislinguishing feature of an AGVS. compared to rail guid 
ed vehicle systems and most conveyor systems, is that the pathways are unobtrusive. An 
AO VS is appropriaic where different materials are moved from various load points to var- 
ious unload points. An AGVS is therefore suitable for automating malerial handling in 
batch produktion and mixed model production.The first AGV was operated in 1954 (His- 
torical Note 10.1) 


Historical Note 10.1 Automated guided vehicles [2], 161 

The first automated guided vehicle was developed in 1954 by A. M. Barreti. Jr. who used an 
overhend wire lo guide a modilied lowing truck pulling a trailer in a grocery warehouse. Com- 
mercial AGVs were suhscquenlly inlroduced by Barrett. 

Around 1973, Volvo, the Swcdish carmaker. developed automated guided vehicles to 
serve as assembly platforms for moving car bodies tluough its final assembly plants.Tbe pri¬ 
mary purpose of Volvo's developmcnt projeel was not to markel the AGV commercially, bul 
rather to advancc a new method of assembly as an alternative to the traditional assembly line. 
The new assembly syslem emphasued teamwork, job enlargcmcnt, and asynchronous move- 
menl of producls through the plan!. However. by developing Ihe guided moving platforms in 
assembly. the company had inlroduced a new type of AGV. the unit load vehicle. Volvo laler 
entered the AGVS business and marketed thetr unit load AGVs to olher car companies. 

Advances in AGVS technology have been motivaled largely by rapid dcvclopments in 
electronics and computer technologics. By exploiting these tcchnologies. the AGVS industry 
has made improvemenls and refinements in vehicle guidance and navigation, on-board vehi¬ 
cle intelligence and Control, overall system management, and safety. 


10.2.1 Types of Vehicles and AGVS Applications 

Automated guided vehicles can be divklcd into the foJlowing three categories: (3) driver- 
le® 1 trains. (2) pallet trucks, and (3) unit load carriers, illustrated in Figure 10.3. A driver- 
less truir. consisls of a lowing vehicle (whidi is the AGV) thai pulis one or more trailers 10 
form a train.as in Figure 10.3(a). It was the first type of AGVS to be introduced and is stil! 
widely used today. A common application is moving heavy payloads over large distances 
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Figure 10.3 Three types of automated guideel vehicles: (a) driverless 
automated guided train,(b) AGV pallet truck, and (c) unit load 
carrier. 


in warehouses or factories with or without intermediate pickup and drop-off points along 
the route. For trains consisting of five to ten trailers, this is an efficient transport system. 

Automated guided pallet trucks. Figure 10.3{b), are used to move palletized Ioads 
along predelermined routes. In the typical application the vehicle is backed into the loaded 
pallet by a human worker who steers the truck and uses its forks to elevate the load slight- 
ly.Then the worker drives the pallct truck to the guidepalh. programs its destination, and 
the vehicle proceeds automatically to the destination for unloading. The capacity of an 
AGVS pallet truck ranges up to several thousand kilograms, and some trucks are capable 
of handling two pallets rather than one. A more recent introduction related to the pallet 
truck is the fork lift AGV. This vehicle can achieve significant vertical movement of its 
forks to reach loads on racks and shelves. 

AGV unit load carriem are used to move unit loads from one station to another.They 
are often equipped for automatic loading and unloading of pallets or tote pans by inegns 
of powered rollers, moving helts, mechanized lift platforms, or other devices built into the 
vehicle deck. A typical unit load AGV is illustrated in Figure I0.3(c). Variations of unit 
load carriers include light load AGVs and assembly line AGVs. The light load AGV is a rel- 
atively small vehicle with corresponding light load capacity (typically 250 kg or less). lt 
does not require the same large aisle width as a conventional AGV Light load guided vc- 
hicles are designed to move small loads (single parts, small baskets or tote pans of parts, 
etc.) through plants of limited size engaged in light manufacturing. An assembly line AGV 



Sec. 10.2 / Automsted Guided Vehicle Systems 


297 


is designed to cany a partially completed subassembly through a sequence of assembly 
workstations to build the product. 

Automated guided vehicle systems are used in a growing number and variety of ap- 
plicationsThe applications tend to parallel thc vehicle types previously described. We have 
already described driverless train operations, which involve the movement of large quan- 
tities of marerial over relatively large distances 

A second application area is in storage and distribution. Unit load carriers and pallet 
trucks are typically used in these applications, which involve movement of malerial in unit 
loads. The applications often interface the AG VS with some other automated handling or 
storage system, such as an automated storage/retrieval system (AS/RS, Section 11.4.1) in 
a distribution center.The AGVS delivers incoming unit loads contained on pallets from the 
receivingdock to the AS/RS, which places the items into storage, and the AS/RS relrieves 
individual pallct loads from storage and transfers them to vehicles for delivery to the ship¬ 
ping dock. Storage/distribution operations also include light manufacturing and assembly 
plants in which work-in-process is stored in a central storage area and distributed to indi¬ 
vidual workstations for processing. Electronics assembly is an example of these kinds of ap¬ 
plications. Components are "kitted” at the storage area and delivered in tote pans or Irays 
by the guided vehicles to the assembly workstations in the plant. Light load AG Vs are the 
appropriatc vehicles in these applications. 

AGV systems are used in assembly line applications, based on a trend that began in 
Europe. Unit load carriers and light load guided vehicles are used in these lines. In the 
usual application. the production rale is relatively low (the product spending perhaps 
4-10 min per station), and there are sevcral different product models made on the line, 
each requiring a different processing time. Workstations are generally arranged in paral¬ 
lel to allow the line to deal with differences in assembly cycle tune for different products. 
Between stations, components are kitted and placed on the vehicle for the assembly op¬ 
erations to be performed at the next station. The assembly tasks are usually performed 
with the work unit on-board the vehicle, thus avoiding the extra time required for un- 
loading and reloading. 

Another application area for AGVS technology is flexible manufacturing systems 
(FMSs.C'hapter 16). In the typical operation, starting workparts are placed onto pallet fix- 
tures by human workers in a staging area, and the AGVs deliver the parts to the individ¬ 
ual workstations in the system. Whcn the AGV arrives at the assigned station, the pallel is 
transferred from the vehicle platform to the station (such as the worktable of a machine 
tool) for processing. At the complction of processing a vehicle returns topick up the work 
and transport it to the next assigned station. An AGVS provides a versatile material han¬ 
dling system to complement the flexibility of the FMS. 

Other applications of automated guided vehicle systems include offtce mail delivery 
and hospital material transport. Hospital guided vehicles transport meal trays, linen, med- 
ical and laboratory supplies, and other matcrials between various departments in the budd¬ 
ing. These transports typically require movement of vehicles between different floors in the 
hospital, and hospital AGV systems have the capability to summon and use elevators for 
this purpose. 

AGVS technology is still developing. and the industry is continually working to de¬ 
sign new systems torespond to new application requirements. An interesting example that 
combines two technologies involves the use of a robotic manipulator mounied on an au- 
tomaied guided vehicle to provide a mobile robot for performing complex handling tasks 
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at various locations in a plant. These robot-vehicles have potential applications in clean 
rooms in ihe semiconductor industry. 

10.2.2 Vehicle Guidance Technology 

The guidance system is the method hy which AGVS pathways are defined and vehicles 
are controlled to iollow the pathways. In this section, we discuss three technologies that are 
used in commercia) systems for vehicle guidance: (1) imbedded guide wires, (2) paint strips, 
and (3) sclf-guidcd vehicles. 

Imbedded Guide Wires and Paint Strips. In the imbedded guide wire method, 
electrical wires are placed in a smal) channel cut into the surface of the floor. The channel 
is typically ' 12 mm (1 'S -1 /2 in) wide ard 11 26 mm (1 /2-1 0 in) deep Afler the guide 
wire is installed, the channel is filled with cement to eliminate the discontinuity in the floor 
surface. The guide wire isconnected to a frequency generator, which emits a low-voltage, 
low-currenl signal with a frequency in the range 1-15 kHz. This induces a magnetic field 
along the pathway that can be followed by sensors on-board each vehicle. The operation 
of a typical system is illustrated in Figure 10.4. Two sensors (coils) are mounted on the ve¬ 
hicle on eitherside of the guide wire. When the vehicle is located such that the guide wire 
is direetly between the two coils, the intensitv of the magnetic field measured by each coii 
will bc cqual. If the vehicle strays to one side or the other,or if the guide wire path changes 
dircction, the magnetic field intensity at the two sensors will be different. This difference 
is used to conlrol the stecring motor, which makes the required changes in vehicle direc- 
tion to equalize the two sensor signals, thereby tracking the guide wire. 

A typeal AGVS layout contains multiple loops, branches,side tracks, and spurs,as well 
as pickup and drop-off stations. The most appropriate route must be selected from the al¬ 
ternative pathways available to a vehicle in its movement to a specified destination in the 
system. When a vehicle approaches a branching point where the guide path forks into two 
(or more) pathways, a means of deciding which path to take must be provided. The two prin¬ 
cipal methods of making this decision tn commercia! wire guided systems are: (1) the fre¬ 
quency se leet method and (2) the path switch select method. In the frequency select method. 
the guide wires leading into the two separate paths at the switch have different frequen- 



Figure 10.4 Operation of the on-board sensor system that uses two 
coils to track the magnetic field in the guide wire. 
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cics. As the vehicle enters the switch. il rcads an identification code on Ihe floor to deter- 
minc its location. Depending on its programmed destination, the vehicle selects the correct 
guidepath b> following only one of the frequencies. This method rcquires a separate fre- 
quency generator for each different frequcncy used in the guidepath layout.The path switch 
select method operates with a single frequency throughout the guidepath layout.To control 
the path of a vehicle at a switch, the power is turned off in all other branches except the 
one thai Ihe vehicle is to travel on. To accomplish routing by the path switch select method. 
the guidepath layout is divided into blæks that are electrically insulated from each other. 
The blocks can be turned on and off either by the vehicles themselves or by a central con- 
Iml computer. 

When point strips are used to define the pathway, ihe vehicle uses an Optical sensor 
system capabtc of tracking the paint.The strips can be taped, sprayed, or painted on the 
floor. One system uses a 1-in-widc paint strip containing fluorescent partides that rcflcct 
an ultraviolet (UV) light source from the vehicle. An on-board sensor detects the reflect- 
ed light in the strip and Controls the steering mechanism to follow it. Paint strip guidance 
is useful in environments where electrical noise renders the guide wire system unreliable 
or when the installation of guide wires in the floor surface is not practical. One problem with 
this guidance method is that the paint strip deteriorates with time. It must be kept clean and 
pcriodically repainted. 

Self-Guided Vehicles. Self-guided vehicles (SGVs) represent the latest AGVS 
guidance technology. Unlike the previous two guidance methods, SGVs operate without 
continuously defined pathways. Instead. they use a combination of dead reckoning and 
beacons localed throughout the plant, which can be identified by on-board sensors. Dead 
reckoning refers to the capability of a vehicle lo follow a given route in the absence of a 
defined pathway in ihe floor. Movemen! of the vehicle along the route is accomplished by 
computing the required number of wheel rotations in a sequence of specified steering an- 
gles.The computations are performed by the vehicle'.s on-board computer. As one would 
expect. positioning accuracy of dead reckoning decreases with inereasing distance. Ac- 
cordingly, the location of the sulf-guided vehicle must be periodically verified by compar- 
ing the ealculated position with one or more known positions. These known positions are 
established using beacons located strategicaliy throughout the plant. There are various 
types of beacons used in commercial SGV systems. One system uses bar-coded beacons 
mounted along the aisles.These beacons can be sensed by a rotating laser scanner on the 
vehicle. Based on the positions of the beacons, the on-board navigation computer uses tri¬ 
angulation to update the positions ealculated by dead reckoning. Another guidance system 
uses magnetic beacons imbedded in Ihe plant floor along the pathway. Dead reckoning is 
used lo move Ihe vehicle between beacons. and the actual locations of the beacons provide 
data to update the computer's dead reckoning map. 

It should Ise noted that dead reckoning can be used by AG V systems that are normally 
guided by in-floor guide wires or paint strips. This capability allows the vehicle to cross 
Steel plates in the factory floor where guide wires cannot be installed or to depart from the 
guidepath for positioning at a Uiad/unload station. At the completion of the dead reckon¬ 
ing maneuver. the vehicle is programmed to return to the guidepath to resume normal 
guidance control. 

The ad\ antage of self-guidcd vehicle technology over fixed pathways (guide wires and 
paint strips) is its flexibility.The SGV pathways are defined in software.The path network 
can be changed by entering the required data into the navigation computer. Nety docking 
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points can be defined.The pathway network can be expanded by installing new beacons. 
These changes can be made quicklv and without major alterations to the plant facility. 

10.2.3 Vehicle Management and Safety 

For the ACVS to operate efficiently, thc vchiclcs must bc well managed. Dclivery tasks 
must be ailocated to vchicles lo minimize waiting times at load/unload stations. Traffic con- 
gestion in the guidepath network must be minimized. And the AGVS tnust be operated safe- 
iy. In this section we consider these issnes. 

Traffic Control. The purpose of traffic Control in an automated guided vehicle sys¬ 
tem is to minimize interference between vehides and to prevent collisions. Two methods 
of traffic comrol used in commercial AGV systems are: (1) on-board vehicle sensing and 
(2) zone control.The two techniques are often used in combination. On-board vehicle sens- 
ing , also called forward sensing. involves the use of one or more sensors on each vehicle to 
detect the presence of other vehicles and obstacles ahead on the guide path. Sensor tech- 
nologics ind ude oplica! and ultrasonic devices. When the on-board sensor detects an ob- 
stacle in front of it. the vehicle stops. When the obstacle is removed, the vehicle proceeds. 
lf the sensor system is 100% effeetive. collisions between vehicles are avoided.The effee- 
tiveness of forward sensing is limited by the capability of the sensor to detect obstacles 
that are in front of it on the guide path. These systems are most effeetive on straight path- 
ways.They are less effeetive at turns and convergence points where forward vehicles may 
not be directly in front of the sensor. 

In zone control , thc AGVS layout is divided into separate zones, and the operating 
rule is Ihat no vehicle is permitted lo enter a zone if that zone is already occupied by an- 
other vehicle. The length of a zone is at least sufficient to hold one vehicle plus allowances 
for safety and other considerations. Other considerations include number of vehicles in 
the system,size and complexity of the layout, and the objective of minimizing the number 
of separate zone Controls. For these reasons, the zones are normally mueh longer than a ve¬ 
hicle length. Zone control is illustrated in Figure 10.5 in its simplest form. When one vehi- 
cle occupies a given zone, any trailing vehicle is not allowed to enter that zone. The leading 
vehicle must proceed into the next zone before the trailing vehicle can occupy the current 
zone. By controlling the forward inuvement of vehicles in the separate zones, collisions are 
prevented, and traffic in the overall system iscontrolled. 

One means of implementing zone control is to use separate control units mounted 
along the guide path. When a vehicle enters a given zone, it activates the block in that zone 
to prevent any trailing vehicle from moving forward and colliding with the present vehi¬ 
cle. As the present vehicle moves into the next (downstream) zone, it activates the block 


Guidepath 



B, and D are blocked. Zone C is free. Vehicle 2 is blocked from en- 
tering Zone A by Vehicle 1. Vehicle 3 is free to enter Zone C 
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in that zone and dcactivates the block in the previous zone. In effeet. zones are turned on 
and oli locontrol vehicle movement by the blocking system. Ano ther method toimplement 
zone control is to use a central computer, which monitors the location of each vehicle and 
attempts to oplimize the movement of all vchicles in the system. 

Vehicle Di spe tch in g. For an AGVS to serve its funetion. vchicles must be dis- 
patched in a timely and eflidem manner to the points in the system where they are need- 
ed. Several methods are used in AGV systems to dispatch vehicles: (1) on-board control 
panel. (2) remote call stations, and (3) central computer control.Thesc dispatching meth- 
ods are generally used in combination to maximize responsiveness and efficiency. 

Each guided vehicle is equippcd with some form of on-board control panel for the pur¬ 
pose of manual vehiele control. vehicle programming, and other funetions. Most commer- 
cial vehicles can bc dispatched by means of this control panel to a given station in the 
AGVS layout. Dispatching with an on-board control panel represents the lowest level of 
sophistication among the possible methods. Il provides the AGVS with flexibility and lime- 
liness in coping with changes and variations in delivery requirements. 

Remote call station* represent another method for an AGVS to satisfy delivery rc- 
quircments.The simplest call station is a press button mounted at the load/unload station. 
This transmits a hailing signal for any available vehicle in the neighborhood to dock at the 
station and cither pick up or drop off a load. The on-board control panel might then bc used 
to dispatch the vehicle lo the desired destination point. More sophisticated remote call sta¬ 
tions permit Ihe vehicle's destination to be programmed at the same time the vehicle is 
callcd.This is a more-automated dispatching method that is useful in AGV systems capa- 
blc of automatic loading and unloading operations. 

In a large faclory or warehousc involving a high degree of automation, the AGVS ser- 
vicing the facility must also be highly automated to achieve efficient operation of the en- 
tirc production-storage-handling system. Central computer control is used to accomplish 
automatic dispatching of vehicles according to a preplanned Schedule of pickups and de- 
livcrics in the layout and/or in resporsc to calls from the various load/unload stations. In 
this dispatching method. the central computer issues commands to the vehicles in the sys¬ 
tem concerning their destinations and the operations they must perform. To accomplish the 
dispatching funetion, the central computer must possess current information on the loca¬ 
tion of each vehicle in the system so tbat it eau make ajiprupriaLe decisions about which 
vehicles to dispatch to what locations. Hence, the vehicles must continually communicate 
their whereabouts to Ihe central controller. Radio frequency (RF) is commonly used to 
achievc ihe required communication links. 

A usefui too) in systems management is a performance report for each shift (or other 
appropriate time period) of AGVS operation. Periodic reporting of system performance 
provides summary information about uptime and downtime, number of deiiveries made 
during a shift. and other data about each station and each vehicle in the system.Reports 
containing this type of information permit managers to compare operations from shift to 
shift and month to month to identify differences and trends and to maintain a high level 
of system performance. 

Safety. The safety of humans located along the pathway is an important objective 
in AGVS design. An inherenl safety feature of an AGV is that its traveling speed is slow- 
er than the normal walking pace of a human. This minimizes the danger of overtaking a 
human walking along the guide path in front of the vehicle. 
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Tn addition. AGVs are usually provided with several othcr features specifically for 
safety reasons. A safety feature included in most guidance systems is automatic stopping of 
the vehicle if it strays more than a short distance, typicaily 50-150 mm (2-6 in), from the guide 
path. The distance is referred to as the vehicle’s acquisition distance. This automatic stop¬ 
ping feature prevents a vehicle from running wild in the building. Alternatively, in the event 
thai the vehicle is off the guidepath (e g , for loading), ils sensor system is eapable nf lock- 
ing onto the guide path when the vehicle is moved to within the acquisition distance. 

Another safety device is an obstacle detection sensor located on each vehicle.This is 
the same on-boaid sensor used for traffic control.The sensor can detect obstacles along the 
forward path, including humans. The vehicles are programmed either to stop when an ob¬ 
stacle issensed ahead or to slow down.The reason for slowing down is that the sensed ob- 
ject may be located off to the side of the vehicle path or direetly ahead but beyond a tum 
in the guide path, or the obstacle may be a person who will move out of the way as the 
AGV approaches. In any of these cases, the vehicle is permitted to proceed at a slower 
(safer) speed until it has passed the obstacle. The disadvantage of programming a vehicle 
to stop when it encounters an obstacle is that this delays the delivery and degrades system 
performance. 

A safety device included on virtually all commercial AGVs is an emergency bumper. 
This bumper is prominent in several of our figures. The bumper surrounds the front of the 
vehicle and protnides ahead ol it by a distance of 300 mm (12 in) or more. When the bumper 
makes contact with an object, the vehicle is programmed to brake immediately. Depend- 
ing on the speed of the vehicle, its load, and other conditions, the braking distance will vary 
from several inches to several feet. Most vehicles are programmed to require manual 
restarting after an obstacle has been encountered by the emergency bumper. Other safe¬ 
ty devices on a typteal vehicle include warning lights (blinking or rotating lights) and/or 
warning belis, which alert humans that the vehicle is present. 


10.3 MONORAILS AND OTHER RAIL GUIDED VEHICLES 

The third category of material transport equipment consists of motorized vehicles that are 
guided by a fixed rail system. The rail syslem consists of either one rail (called a monorail) 
or two parallel rails. Monorails in tactories and warehouses are typicaily suspended over- 
head from the ceiling. In rail guided vehicle systems using parallel fixed rails, the tracks gen¬ 
erally protrude up from the floor- In either case, the presence of a fixed rail pathway 
distinguishes these systems from automated guided vehicle systems. As with AGVs, the ve¬ 
hicles operate asynchronously and are driven by an on-board electric motor. But unlike 
AGVs, which are powered by their own on-board batteries, rail guided vehicles pick up 
clectrical power from an electrified rail (similar to an urban rapid transit rail system).This 
relieves the vehicle from periodic recharging of its battery; however, the electrified rail 
system introduces a safety hazard not present in an AGVS. 

Routing variations are possible in rail guided vehicle systems through the use of 
switches. tumtables, and other specialized track sections. This permits different loads to 
travel different routes, similar to an AGVS. Rail guided systems are generally considered 
to be more versatile than conveyor systems but less versatile than automated guided ve¬ 
hicle systems. One of the original applications of nonpowered monorails was in the meat 
processing industry before 1900. For dressing and cleaning, the slaughtered animals were 
hung from meat hooks attached to overhead monorail trolleys. The trolleys were moved 



Sec. 10.4 i Conveyor Systems 


through the diffcrcnt dcpartments of the plant manually by the workers. It is likely that 
Henry Ford got the idea for the assernbly line from observing these meat packing opera¬ 
tions. Today, the automolive industry niakes considerable use of electrified overhead mono¬ 
rails to move large components and subassemblies in its manufacturing operations. 


1 0.4 CONVEYOR S YSTEMS 

Conveyors are used when material must be moved in relatively large quantities between 
specific locations over a fixed path.The fixed path is implemented by a track system, which 
may be in-the-floor. above-the-floor, or overhead. Conveyors divide into two basic cate- 
gories: (l)powered and (2) non-powered. In poweredconveyors , the power mechanism is 
contained in the fixed path, using chains. belts, rotating roils, or other devices to propel 
loads along the path. Powered conveyors are commonlv used in automated material trans¬ 
port systems in manufacturing plants, warehonses,and distribution centers. In non-powered 
conveyors, materials are moved either manually by human workers who push the loads 
along the fixed path or by gravity from one elevation to a lower elevation. 

10.4.1 Types of Conveyors 

A variety of conveyor equipment is commercially available. In the following paragraphs, 
we describe the major types of powered conveyors. organized according to the type of me- 
chanical power provided in the fixed path. 

Roller and Skate Wheel Conveyors. These conveyors have roils or wheels on 
which the loads ride. Loads must possess a flat bottom surface of sufficient area to spån sev- 
eral adjaccnt rollers. Pallets. tote pans, or cartons serve this purpose well. The two main en- 
tries in this category are roller conveyors and skate wheel conveyors,pictured in Figure 10.6. 

In roller conveyors, the pathway consists of a series of tubes (rollers) that are per- 
pendicular to the direction of travel, as in Figure 10.6(a). The rollers are contained in a 
fixed frame thai clevates the pathway above floor level from several inches to several feet. 
Flat pallets or tote pans carrying unit loads are moved forward as the rollers rotate. Roller 
conveyors can eitlicr l>e powered or non-powered. Powered roller conveyors are driven 



Figure 10.6 (a) Roller conveyor and (b) skate wheel conveyor. 
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by bells or chains. Non-powered roller conveyors are often driven by gravity so that the 
pathway has a downward slope sufficient to overcome rolling frietion. Roller conveyors are 
used in a wide variety of applications, including manufacturing, assembly, packaging, sor¬ 
ta tion, and distribution. 

Skate-wheel conveyors are similar in operation to roller conveyors. Instcad of rollers, 
thcy usc skate wheels rotating on shafts. conneeted to a frame to roli pallets or tote pans 
or other containers along the pathway. as in Figure 10.6(b). This provides the skate wheel 
conveyor with a lighter weight construction than the roller conveyor. Applications of skate- 
whcel cunveyors are similar to those of roller conveyors, except that the loads musl gen¬ 
erally bc lighter since the con laets between the loads and the conveyor are mueh more 
conccntrated. Because of their ligtit weight, skate wheel conveyors are somelimes built as 
portable equipment that can bc used for loading and unloadirtg truck trailers at shipping 
and receivmg docks at factories and warehouses. 

Belt Conveyors. Belt conveyors consist of a continuous loop: Half its length is used 
for delivering materials, and the other half is the return run. as in Figure 10.7. The belt is 
made of reinforced elastomer (rubber), so that it possesses high flexibility but low exten- 
sibility. Al onc end of the conveyor is a drive roli thal powers the belt. The flexible belt is 
supported by a frame that has rollers or support sliders along its forward loop. Bell con¬ 
veyors are available in two common forms: (1) flat belts for pallets, individual parts, or 
even certain types of bulk materials; and (2) troughed belts for bulk malerials. Materials 
placed on the belt surface iravel along the moving pathway. In the case of troughed bclt con¬ 
veyors. the rollers and supports give the flexible belt a V-shape on the forward (delivery) 
loop lo contain bulk materials such as coal. gravel, grain, or similar particulate malerials. 

Conveyors Driven by Chains and Cables. The conveyors in this group are dri¬ 
ven by a powered chain or cablc that forms an endless loop. In some cases, the loop forms 
a straight line. with a pulley at each end. This is usually in an over-and-under configura- 
tion. In other conveyors, the loop has a more-complex path, with more than two pulleys 
nccded to define the shape of the path. We discuss the following conveyors in this category: 
(t) chain. (2) slat, (3) in-floor towlinc. (4) overhead trolley, and (5) power-and-free over- 
head trolley. 

Chain conveyors consisl of chain loops in an ovcr-and-undei configuialion around 
powered sprixrkeis at the ends of the pathway. One or more chains ope rating in parallel may 



Figure t0.7 Bell (flat) conveyor (support frame nol shown). 
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bc used to form the conveyor. The chains travel along channels in the floor thai provide 
support for the flcxible chain sections. bither rhe chains slide along the channel or they ride 
on rollers in the channel.The loads arc generally dragged along the pathway using bars thal 
project up from the moving chain. 

The s lal conveyor uscs individual platforms, cailed slats, connected to a continuous- 
Iv moving chain. Although the drive mcchanism is a powered chain, it operates mnch like 
a belt conveyor. Loads are placed on the slats and are transported along with them. Straight 
line flows are common in slat conveyor systems. However. because of the chain drive and 
the capability :o alter the chain direction using sprockets, the conveyor pathway can have 
turns in its conlinucus loop. 

Another variation of the chain conveyor is the in-floor towline conveyor. These con- 
veyors make use of four-whed carts powered by moving chains or cables localed in trench- 
esin the floor, as in Figure 10.8.The chain or cable is cailed a towline: hence. the name of 
the conveyor. Pathways for the conveyor system are defined by the trench and cable. and 
the cable is driven as a powered pulley syslem. Switching between powered pathways is pos- 
siblc in a towline system to achieve flesibility in routing.The carts use Steel pins that pro¬ 
ject below floor level into the trench to engage the chain for towing. (Gripper devices are 
substituted for pins when cable is used as the pulley system, similar to the San Francisco 
trolley.) The pin can be pullcd out of the chain (or the gripper releases the cable) to dis¬ 
engage the cart for loading, unloading, switching,accumulation of parts, and manually push- 
ing a cart off the main pathway. Towline conveyor systems are used in manufacturing plants 
and warehouses. 

All of the preceding Chain and cable drive convevors operate at floor level or slight- 
ly above. Chain-drivcn conveyors can also be designed to operate overhead, suspended 
from the ceiling of the facility so as not to consume floorspace. The most common types are 
overhead trolley conveyors. These are available either as constant speed (synchronous) or 
as power-and-free (asynchronous) systems. 
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Figure 10.9 Overhead trolley conveyor. 


A trolley in material handling is a wheeled carriage running on an overhead rail from 
which loads can be suspended. An overhead trolley conveyor, Figure 10.9, consists of mul¬ 
tiple trolleys, usually equally spaced along a fiTed track. The trolleys are connected to- 
gether and moved along the track by means of a chain or cable that forms a complete loop. 
Suspended from the trolleys are hooks, baskets, or other receptacles to carry loads. The 
chain (or cable) is attached to a drive wheel that supplies power to move the chain at a con- 
stant velocity.The conveyor path is determined by the configuralion of the track system, 
which has turns and possible changes in elevation. Overhead trolley conveyors are often 
used in factories to move parts and assemblies between major production departments. 
They can be used for both delivery and storage. 

A power-and-free overhead trolley conveyor is similar to the overhead trolley con¬ 
veyor, except that the trolleys arc capable of being disconnected from the drive chain ,pro- 
viding this conveyor with an asynchronous capability.This is usually accomplished by using 
two tracks, one just above the other. The upper track contains the continuously moving 
endless chain, and the trolleys that carry loads ride on the lower track, Each trolley in- 
cludes a mechanism by which it can be connected to the drive chain and disconnected from 
it. When connected, the trolley is pulled along its track by the moving chain in the upper 
track. When disconnected, the trolley is idle. 

Other Conveyor Types. Other powered conveyors indude cart-on-track, screw, 
vibration-based systems, and vertica! lift conveyors. Cart-on-track conveyors consist of in- 
dividual carts riding on a track a few feet above floor level. The carts are driven by means 
of a ro uting shaft, as illustrated in Figure 10.10. A drive wheel, attached to the bottom of 
the cart and set at an angle to the rotating tube, rests against it and drives the cart forward. 
The cart speed is controlled by regulating the angle of contact between the drive wheel and 
the spinning tube. When the axis of the drive wheel is 45°, the cart is propelled forward. 
When the axis of the drive wheel is parallel to the tube, the cart does not move.Thus, Con¬ 
trol of the drive wheel angle on the cart allows power-and-free operation of the conveyor. 
One of the advantages of cart-on-track systems relative to many other conveyors is that the 
carts can be positioned with high accuracy.This permils their use for positioning work dur¬ 
ing production. Applications of cart-on-track systems include robotic spol welding lines in 
automobile body plants and mechanical assembly systems. 
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Figure 10.10 Cart-on-track conveyor. (Diagram courtesy of SI Han¬ 
dling Systems.) 

Screw conveyors are hased on the Archimedcs scrcw, the water-raising device de- 
vised in ancienl times (circa 236 B.C.). consisting of a large screw inside a cylinder, turned 
by hånd to pump water up-hill for irrigation purposes. Vibration-based conveyors use a flat 
track connected to an elcctromagnet that imparts an angular vibratory motion to the track 
to propel items in the desired direction.This same principle is used in vibratory bowl feed¬ 
ers to deliver components in automated assembly syslems (Sectiott 19.1.2). Vertical lif i con¬ 
veyors include a variety of mechanical elevators designed to provide vertical motion, such 
as betweeri flextrs or to link floor-based conveyors with overhead conveyors. Other conveyor 
types include nonpowered chules, ramps. and tubes, which are driven by gravity. 

10.4.2 Conveyor Operations and Features 

As indicated by our preceding discussion. conveyor equipment covers a wide variety of 
operations and features. Let us restrict our discussion here to powered conveyors, exetud- 
ing nonpowered types. Conveyor systems divide into two basic types in terms of the char- 
acteristic motion of the materials nioved by the system: (1) continuous and (2) asynchronous. 
Continuous motion conveyors move at a constant velocity v c along the path. They include 
belt, roller, skate-wheel, overhead trolley, and slat conveyors. 

Asynchronous conveyors operate with a stop-and-go motion in which loads, usually 
contained in carriers (e.g., hooks, baskets, carts), move between stations and then stop and 
remain at the station until released Asynchronous handling allows independent move- 
ment of each carrier in the system. Examples of this type include overhead power-and- 
free trolley, in-floor towline, and cart-on-track conveyors. Some roller and skate-wheel 
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conveyors can also be operatcd asynchronously. Reasons for using asynchronotis convey- 
ors include:(l) toaccumulale loads, (2) temporary storage, (3) lo allow for differences in 
production rates between adjacent processing areas, (4) to smooth production when cycle 
times vary at stations along the conveyor. and (5) to accommodate differcnl conveyor 
speeds along the pathway. 

Conveyors can also be dassified as: (1) single direction, |2) continuous loop, and 
(3) recirculating. In the following paragraphs, we describe the operating features of these 
categories. In Section 10.63, we present cquations and techniques with which lo analyze 
these conveyor systems. Single direction conveyors are used to transport loads one way 
from origination point to destination point, as depicted in Figure 10.1 l(a). These systems 
are appropriate when there is no need to move loads in both directions or to return con¬ 
tainers or carriers from the unloading stations back to the loading stations. Single direction 
powered conveyors indude roller, skate wheel, belt. and chain-in-floor types. In addition, 
all gravity conveyors operate in one direction. 

Continuous loop conveyors form a complete Circuit, as in Figure 10.1 l(b). An over- 
head trolley conveyor is an example of this conveyor type. However, any conveyor type can 
be configured as a loop,even those previously defined as single direction conveyors, sim- 
ply by connecting several single direction conveyor sections into a closed loop. A contin¬ 
uous loop system allows matcrials to be moved between any two stations along the pathway. 
Continuous loop con vcyursai c used when loads are moved incarriers (e.g.. hooks, baskets) 
between load and unload stations and the carricrs are affixed to the conveyor loop, In this 
design, the emplv carriers are automatically returned from the unload station back to the 
load station. 

The preccding description of a continuous loop conveyor assumes that items loaded 
at the load station are unloaded at the unload station. There are no loads in the return 
loop; the purpose of the return loop is simply to send the empty carriers back for reload- 
ing. This method of operation overlooks an important opportunity offered by a closed- 
loop conveyor: to store as well as deliver parts. Conveyor systems that allow parts to remain 
on the return loop for one or more revolutions are called recirculating conveyors. In pro- 
viding a storage funetion, the conveyor system can be used to accumulate parts to smooth 
out effeets of loading and unloading variations at stations in the conveyor. I'here are two 
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Figure 10.11 (a) Single direction conveyor and (b) continuous loop 
conveyor. 
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problems that can plague the operation of a recirculating conveyor system. One is that 
there may be times during thc operation of tbe conveyor that no empty carriers are im- 
mediately available at the loading station when needed. The other problem is that no 
loaded carriers are immediately available at the unloading station when needed. 

It is possible to construct branching and merging points into a conveyor track to per- 
mit different routings for different loads moving in the system. In nearly all conveyor sys- 
tems,it is possible to build switches,shuttles, or other mechanisms to achievc these alternate 
routings. In some systems, a push-pull mechanism or lift-and-carry device is required to 
actively move the load from the current pathway onto the new path way. 


10.5 CRANES AND HOISTS 


The fifth category of transport equipment in matcrial handling consists of cranes and hoists. 
Cranes are used for horizontal movement of materials in a facility, and hoists are used for 
vertical lifting. A crane invariably includes a hoist; thus. the hoist component of the cranc 
lifts the load, and the crane transports the load horizontally to the desired destination. This 
class of material handling equipment includes cranes capable of lifting and moving very 
heavy loads. in some cases over 100 tons. 

A hoist Is a mechanical device that can be used to raise and lower loads. As seen in 
Figure 10.12, a hoist consists of one or more fixed pulieys, one or more moving pulleys, and 
a rope, cable, or chain strung between the pulleys. A hook or other means for attaching 
the load is connected to the moving pulley(s).The number of pulleys in the hoist determines 
its mechanical advantage, which is the ratio of the load weight to the driving force required 
to lift the weight. The mechanical advantage of the hoist in our illustration is 4.0. The dri¬ 
ving force to operate the hotsi is applied eilher manually or by electric or pneumatic motor. 
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Figure 10.12 A hoist with a mechanical advantage of 4.0: (a) sketch 
of the hoist and (b) diagram to illustrate mechanical advantage. 
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Crane* include a variety of material handling equipment designed for lifting and roov- 
ing heavy loads using one or more overhead beams for support. Principal types of cranes 
found in factories include: (a) bridge cranes, (b) ganlry cranes, and (c) jib cranes In all 
three types, at least one hoisi is mounted to a trolley that rides on the overhead beam of 
the crane. A bridge crane consists of one or two horizontal girders or beams suspended be- 
tween fixed rails on either end which are connected to the structure of the building. as 
shown in Figure 10.13(a).The hoist trolley can be moved along the length of the bridge, and 
the bridge can be moved the length of the rails in the building. These two drive capabili- 
ties provide motion in the x- and y-axes of the building, and the hoist provides motion in 
the z-axis direction. Thus the bridge crane achieves vertical lifting due to its hoist and 
achieves horizontal movement of the material due to its orthogonal rail system. Large 
bridge cranes have girders that spån up to 36.5 m (120 ft) and are capable of carrying loads 
up to 90,000 kg (100 tons). Large bridge cranes are controlled by operators riding in cabs 
on the bridge. Applications include heavy machinery fabrication, Steel and other metal 
miils, and powei-generating stations. 

A ganlry crane is distinguished from a bridge crane by the presence of one or two ver¬ 
tical legs that support the horizontal bridge. As with the bridge crane, a gantry crane includes 
one or more hoists that accomplish vertical lifting, Gantries are available in a variety of sizes 
and capacities. the largest possessing spåns of about 46 m (150 ft) and load capacities of 
136,000 kg (150 tons). A double gantry crune has two legs. Other types include half gantries 
and cantilever gantries. A half ganlry crane, Figure 10.13(b), has a single leg on one end of 
the bridge, and the other end is supported by a rail mounted on the wall or other structural 
member of a building. A cantilever ganlry crane is identified by the faet that its bridge ex- 
tends beyond the spån created by the support legs. 

A jib crane consists of a hoist supported on a horizontal beam that is cantilevered from 
a vertical column or wall support, as illustrated in Figure 9.2(e).The horizontal beam is piv¬ 
oted about the vertical axis formed by the column or wall to provide a horizontal sweep 



M (t» 

Figure 10.13 TVo types of cranes: (a) bridge crane and (b) gantty 
crane (shown is a half gantry crane). 
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for the crane.TKc beam also serves as the track for the hoist trolley to provide radial trav¬ 
el along the length of the beam. Thus. the horizontal area included by a jib crane is circu- 
lar or semicircular. As with other cranes, the hoist provides vertical lift and lower motions. 
Standard capacities of jib cranes range up to about 5000 kg. Wall-mounted jib cranes can 
achieve a swing of about 180°, while floor-mounted jib cranes using a column or post as its 
vertical support can sweep a full 360° 


10.6 ANALYSIS OF MATERIAL TRANSPORT SYSTEMS 


Charting techniques are helpful for visualizing the movement of materials, and quantita- 
tive models are useful for analyzing material flow rates, delivery cycle times, and other as- 
pects of performancc. Research on these analysis methods is encouraged and supported by 
the College Industry Council on Material Handling Education (CICMHE) and the Mate¬ 
rial Handling Instilute (MHI) 1 , which hold a semiannual Research Colloquium whose Pro- 
ceedings [11] are available through MHI. In this section, we discuss the following: 
(1) charting techniques in material handling, (2) analysis of vehicle-based systems, and (3) 
conveyor analysis. 

10.6.1 Charting Techniques in Material Handling 

A useful charting techniquc for displaying information about material flow is the From-To 
Chart, illustrated in Table 10.2. In this table. the left-hand vertical column lists origination 
points (loading stations) from which trips are made. and the horizontal row at the top of 
the chart lists destination points (unload stations).The chart is organized for possible ma¬ 
terial flows in both directions between the Ioad/unload stations in the layout. From-To 
Charts can he used to represent various parameters of the material flow problem, includ- 
ing number of deliveries or flow rates between locations in the layout and travel distances 
between from-to locations.Table 10.2 represents one possible format to display both flow 
rates and corresponding distances for a given material handling problem. 


TABLE 10.2 From-To Chart Showing Flow Rates, loada/hr 
(Value Before the Slash Mark) and Travel 
Distances, m (Value After the Slash Mark) 
Between Stations in a Layout 


To 

1 

2 

3 

4 

5 

From 1 

0 

9/60 

5/120 

6/205 

0 

2 

0 

0 

0 

0 

9/80 

3 

0 

0 

0 

2/85 

3/170 

4 

0 

0 

0 

0 

8/85 

5 

0 

0 

0 

0 

0 


' The Material Handling Institut«, based in Charlotte, North Carcdina, is the research and education ageocy 
or the Material Handling Industry of America, the trade association representing companies that sell material han ■ 
dl ing products and services in the United States. The College Industry Council on Material Handling Education 
consists of academic and industry representatives and reports to the Material Handling Instilute. 
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Figur« 10.14 Flow diagram showing material delivcries belween 
load/unload stations. Arrows indicate flow rates and distances (same 
data as in Table 10.2), and nodes represent load/unload stations. 


Muther and Haganas [19] suggest scveral graphical techniques for visualizing trans¬ 
ports, including mathematical plots and flow diagrams of different types. The flow diagram 
in Figure 10.14 indicates movement of materials and corresponding origination and desti¬ 
nation points of the moves. In this diagram, origination and destination points are repre- 
sented by nodes, and material flows are depicted by arrows between the points. The nodes 
might represent production departments between which parts are moved or load and un- 
load stations in a facility. Our flow diagram portrays the same information as in the From- 
To Chart ofTablc 10.2. 

10.6.2 Analysis of Vehicle-Based Systems 

Mathematical equations can be developed to describe the operation of vehicle-based ma¬ 
terial transport systems. Equipment used in such systems include industrial trucks (both 
hånd trucks and powered trucks), automated gutded vehicles, monorails and other rail 
guided vehicles, certain types of conveyor systems (e.g., in-floor towljne conveyors), and cer- 
tain crane operations. We assume that the vehicle operates at a constant velocity through- 
out its operation and ignore effects of acceleration, deceleration, and other speed differences 
that might depend on whether the vehicle is traveling loaded or empty or other reasons. 
The time for a typical delivery cycle in the operation of a vehicle-based transport system 
consists of: (1) loading at the pickup station. (2) travel time to the drop-off station, (3) un- 
loading at the drop-off station, and (4) empty travel time of the vehicle between deliver- 
ies.The total cycle time per delivery per vehicle is given by 

T c = T l + ~ + T l . + — (10.1) 

v c v r ' 

where T, = delivery’ cycle time (min/del), T L = time to load at load station (min), 
Lj = distance the vehicle travels belween load and untoad station (m, ft), v, — carrier ve¬ 
locity (m/mio, ft/min), T 0 - time to unload at unload station (ujiii), arid L f = distance the 
vehicle travels empty until the start of the next delivery cycle (m, ft). 

T c calculated by Eq. (10.1) must be considered an ideal value, because it ignores any 
time losses due to reliabUity problems, traffic congestion, and other factors that may slow 
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down a delivery. In addition, not all delivery cycles are the same. Originations and desti¬ 
nations may be different from one delivery to the next, which will affect the L ri and L r 
terms in the preceding equation. Accordingly, these terms are considered to be average 
values for the population of loaded and empty distances traveled by the vehicle during the 
coursc of a shift or other period of analysis. 

The delivery eyele time can bc used to determine ccrtain parameters of interest in the 
vehicle-based transport system. Let us make use of T c to determine two parameters: (1) rate 
of deliveries per vehicle and (2) number of vehicles required to satisfy a specified total de- 
livery requiremenl Wc will base our analysis on hourly rates and requirements; however, 
the equations can readily bc adapted for other periods 

l'hc hourly rate of deliveries per vehicle is 60 min divided by the delivery eyele time 
T, . adjusting for any time losses during the hour.The possible time losses include: (1) avail- 
ability. (2) traffic congestion, and (3) efficiency of manual drivers in the case of manually 
operaled trucks. Availability (symbolized A ) is a reliability factor (Section 2.4.3) defined 
as the proportion ot total shift time that the vehicle is operational and not broken down 
or being repaired. 

To deal with the lime losses due to iraffic congestion, let us define the traffic factor 
T, as a parameter for estintating the effeet of these losses on system pcrformance. Sources 
of incfficicncy accounted for by the traffic factor include waiting at intersections, blocking 
of vehicles (as in an AGVS), and waiting in a queue at load/unload stations, If there is no 
blocking of vehicles, then F, ~ 1.0. As blocking inereases, the value of F, decreases. Block- 
ing. waiting al intersections. and vehicles waiting in line at load/unload stations are affeet- 
ed by the number of vehicles in the system relative to the size of the layout. If (here is only 
one vehicle in the system, little or no blocking should oceur, and the traffic factor will be 
very close to 1.0. For systems with many vehicles, there will be more instances of blocking 
and congestion. and the traffic factor will take a lowcr value. TVpical values of Iraffic fac¬ 
tor for an AGVS range between 0.85 and 1.0 (4j. 

For systems based on industrial trucks, including both hånd trucks and powered trucks 
thal are operated by human workers, traffic congestion is probably not the main cause of 
the low operating performance somclimcs observed in these systems. Their performance 
is very dependent on the work efficiency of the operators who drive the trucks, Let us de¬ 
fine efficiency here as the actual work rate of the human operator relative to work rate ex- 
pected under standard oi normal pcrformance. Let E svmbolize the worker efficiency. 

With these factors defined, we can now express the available time per hour per vc- 
hicle as 60 min adjusted by A, T f , and E. That is, 

AT =60/4 T f E (10.2) 

whereAT- available lime (min/hr per vehicle ),A = availabilitv, T f — traffic factor, and 
E = worker efficiency.The parameters A. T f , and E do not take into accouot poor vehi¬ 
cle routing, poor guidepath layout, or poor management of the vehicles in the system. These 
factors should be minimized, but if present they are accounted for in the values of L d and 
L f . 

We can now write equations for the two performance parameters of interest. The 
rate of deliveries per vehicle is given by: 




AT 

T e 


(10.3) 
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where R jv = hourly delivery rate per vehicle (del./hr per vehicle), T c - delivery cyclc 
time computed by Eq. (10.1) (min/del), and AT = the available time in 1 hr with adjust 
ments for time tosses (min/hr). 

The total number of vehicles (trucks, AGVs. trolleys, carts, etc.) needed to satisfy a 
specified total delivery Schedule Rf in the system can be estimated by first calculating the 
total workload required and then dividing by the available time per vehicle. Workload is 
defined as the total amount of work, expressed in terms of time, that must be accomplished 
by the material transport system in 1 hr. This can be expressed as follows: 

WL = R,T C (10.4) 

where WL = workload (min/hr), Rf = specified flow rate of total deliveries per hour for 
the system (del/hr), and T c = delivery cycle time (min/del). Now the number of vehicles 
required to accomplish this workload can be written as 


(10.5) 


where n, = number of carriers required, WL = workload (min/hr), and AT - available 
time per vehicle (min/hr per vehicle). It can be shown that Eq. (10.5) reduces to the follow- 
ing: 


Rdt 


( 10 . 6 ) 


where n, = number of carriers required, R f = total delivery requirements in the system 
(del/hr), and R Jv = delivery rate per vehicle (del/hr per vehicle). Although the traffic fac¬ 
tor accounts for delays experienced by the vehides.it does not indude delays encountered 
by a load/unload station that must wait for the arrival of a vehicle. Because of the random 
nature of the load/unload demands, workstations are likely to experience waiting time while 
vehicles are busy with other deliveries.The preeedingequations do not consider this idlc lime 
or its impact on operating cost. If station idle time is to be minimized, then more vehicles 
may be needed than the number indicated by Eqs. (10.5) or (10.6). Mathematical models 
based on queueing theory are appropriate to analyze this more-complex stochastic situation. 

EXAMPLE 10.1 Determining IViunber of Vehicles in an AGVS 

Given the AGVS layout shown in Figure 10.15. Vehicles travel counterclockwise 
around the loop to deliver loads from the load station to the unload station. 
Loading time at the load station = 0.75 min, and unloading time at the unload 
station = 0.50 min. It is desired to determine how many vehicles are required 
to satisfy demand for this layout if a total of 40 del/hr must be completed by the 
AGVS. The following performance parameters are given: vehicle veloci- 
ty = 50 m/min, availability = 0.95, traffic factor = 0.90, and operator efficiency 
does not apply, so E = 1.0. Determine: (a) travel distances loaded and empty, 
(b) ideal delivery cycle time, and (c) number of vehicles required to salisfy the 
delivery demand. 
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Figure 1045 AG VS loop layout for Example 10.1. Key. Unid 
= unload. Man = manual operation, dimensions in melers (m). 


Solution: (a) Ignoring effeets of slightly shorter distances around the curves at corners of 
the loop, the values of L d and L, are readily determined from the layout to be 
110 m and 80 m, respectively. 

(b) Ideal cycle time per delivery per vehicle is given by Eq. (10.1). 


T ( 


5.05 min 


(c) To determine the number of vehicles required to make 40 del/hr, we com- 
pute the workload of the AGVS and the available time per hour per vehicle. 
WL = 40(5.05) = 202 min/hr 
AT = 60(0.95){0.90)(1.0) = 51.3 min/hr per vehicle 
Therefore, the number of vehicles required is 

n c = = 3.94 vehicles 

This value should be rounded up to n c - 4 vehicles, since the number of vehi¬ 
cles must be an integer. 


Determming the average travel distances, L d and L c ,requires analysisof the partic- 
ular AGVS layout. For a simple loop layout such as in Figure 10.15, determining these val¬ 
ues is straightfonvard. For a complex AGVS layout, the problem is more difficult. The 
following example illustrates this issue. 

EXAMPLE 10.2 Determining L å for a More-Complex AGVS Layout 

The layout for this example is shown in Figure 10.16, and the From-To Chart is 
presented in Table 10.2. The AGVS inciudes load station 1 where raw parts 
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Figure 10.16 AG VS layout for production system of Example 10.2. 

Key: Proc = processing operation, Aut = automated, Unld = un- 
load. Man = manual operation, dimensions in meters (m). 

enter the system for delivery to any of three production stations 2,3, and 4. Un- 
load station 5 receives finished parts from the production stations. Load and 
unload times at stations 1 and 5 are each 0.5 min. Production rates for each 
workstation are indicated by the delivery requirements in Table 10.2. A com- 
plicating factor is that some parts must be transshipped between stations 2 and 
3- Vehicles move in the direction indicated by the arrows in the figure. Deter- 
mine the average delivery distance, L d 

Solution. Thble 10.2 shows the number of deliveries and corresponding distances between 
the stations. The distance values are taken from the layout drawing in Figure 
10.16.To determine the value of L d . a weighted average must be calculated 
based on the number of trips and corresponding distances shown in the From- 
Tb Chart for the problem. 

9(50) + 5(120) + 6(205) + 9(80) + 2(85) + 3(170) + 8(85) 4360 

L ‘~ 9+S+6+9+2+3+8 - —-103.8m 


Determining Z.,, the average distance a vehicle travels empty during a delivery 
cycle, is more complicated. It depends pn the dispatching and scheduling methods tised 
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to decide how a vehicle should proceed from its iast drop-off to its next pickup. In Fig- 
ure 10.16, if each vehicle must travel back to station 1 after each drop-off at stations 2, 
3. and 4, then the empty distance between pick-ups would be very large indeed. L e would 
be greater than L d . On the other hånd, if a vehicle could exchange a raw workpart for a 
finished part while stopped at a given workstation, then empty travel time for the vehi¬ 
cle would be minimized. However, this would require n two-position platform at each 
station to cnable the exchange. So this issue must be considered in the initial design of 
the AGVS. Ideally, L e should be reduced to zero. It is highly desirable to minimize the av¬ 
erage distance a vehicle travels einply through good AGVS design and good scheduling 
of the vehicles. Our mathematical model of AGVS operation indicates that the delivery 
cycle time wilt be reduced if L, is minimized, and this will have a beneficial effeet on the 
vehicle delivery rate and the number of vehicles required to operate the AGVS. Two of 
our exercise problems at the end of the chapter ask the reader to determine L, under dif- 
ferent operating scenarios. 

10.6.3 Conveyor Analysis 

Conveyor operations have been analyzed in the research literature, some of which is iden- 
tified in our list of references [8], [9], (14)—[17]. In our discussion here. we consider the 
three basic types ot conveyor operations discussed in Section 10.4.2: (1) single direction con¬ 
veyors, (2) continuous loop conveyors. and (3) recirculating conveyors. 

Single Direction Conveyors. Consider the case of a single direction powered con¬ 
veyor with one load station at the upstream end and one unload station at the downstream 
end, as in Figurc 10.1 l(a). Materials are loadedat one end and unloaded at the other. The 
materials may be parts, cartons, pallet loads, or other unit loads. Assuming the conveyor op¬ 
erates at a constant speed, the time required to move materials from load station to unload 
station is given by: 


T d = — (10,7) 

where T d ” delivery time (min), L d «= lenglli of conveyor between load and unload stations 
(m, ft), and v c = conveyor velocity (m/min, ft/min). 

The flow rate of materials on the conveyor is determined by the rate of loading at the 
load station. The loading rate is limited by the reciprocal of the time required to load the 
materials. Given the conveyor speed, the loading rate establishes the spacing of materials 
on the conveyor. Summarizing these relationships. 



where R f = material flow rate (parts/min), R L = loading rate (parts/min), s c = center- 
to-center spacing of materials on the conveyor (m/part, ft/part), and T L = loading time 
(min/part). One might be tempted to think that the loading rate R L is the reciprocal of the 
loading time T L . However, R L is set by the flow rate requirement R f , while T L is deter¬ 
mined by ergonomie factors. The worker who loads the conveyor may be capable of per- 
forming the loading task at a rate that is faster than the required flow rate. On the other 
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hånd. the flow rate requirement cannot be set faster than it is humanly possible to per- 
form ihe loading task. 

An additional requirement for loading and unloading is that the time required to un- 
load the conveyor must bc equal to or less than the loading time. That is, 

T v s T,_ (10.9) 

wherc T L = unloading time (min/part). If unloading requires more time than loading, 
then unretnoved loads may accumulate or be dumped onto the floor at the downstream end 
of the conveyor. 

Weare using parts as the material inEqs.(10.8) and (10.9), but the relationships apply 
lo Other unit loads as well. The ad vantage of the unit load principle (Table 9.3, Principle 5) 
c an be detnonstrated by transporting n p parts in a carrier rather than a single part. Re- 
casting Eq. (10.8) to reflect this advantage, we have 

(1010) 

whe.re R f = flow rate (paris/min), n p = ntimher of parts pe.r carrier. = center-to-cen- 
ter spacing of carriers on the conveyor (m/carrier, ft/carrier), and T L = loading time per 
carrier (min/carrier).The flow rate of parts transported by the conveyor is potentially 
much greater in this case. However, loading time is still a limitation, and T L may consist of 
not only the time to load the carrier onto the conveyor but also the time to load parts into 
the carrier. The preceding equations must be interpreted and perhaps adjusted for the 
given application. 

EXAMPLE 10.3 Single Direction Conveyor 

A roller conveyor follows a pathway 35 m long between a parts production de- 
partment and an assembly department. Velocity of the conveyor is 40 m/min. 
Parts are loaded into large tote pans. which are placed onto the conveyor at the 
load station in the production department.Two operators work the loading sta¬ 
tion. The first worker loads pnrls into tote pans, which takes 25 scc. Each tote 
pan holds 20 parts. Parts enter the loading station from production at a rate 
thai is in balance with this 25-sec cycle.The seeond worker loads tote pans onto 
the conveyor, which takes only lOsec. Determine: (a) spacing between tote pans 
along the conveyor, (b) maximum possible flow rate in parts/min, and (c) the 
minimum time required to unload the tote pan in the assembly department. 

Solution: (a) Spacing between tote pans on the conveyor is determined by the loading 
time. It takes only 10 sec to load a tote pan onto the conveyor, but 25 sec are re¬ 
quired to load parts into the tote pan.Therefore, the loading cycle is limited by 
this 25 sec. At a conveyor speed of 40 m/min, the spacing will be 

s c = (25/60 min)(40 m/min) = 16.67 m 
(b) Flow rate is given by Eq. (10.10): 

20(40) 

Rf - ~ 48 parts/min 
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This is consistent with the parts loading rate of 20 parts in 25 sec, which is 
0.8 parts/sec or 48 paris/min. 

(c) The minimum allowable time to unload a tote pan must be consistent with 
the flow rate of lote pans on thc conveyor. This flow rate is one tote pan 
every 25 sec, so 

Tu s 25 sec 


Continuous Loop Conveyors. Consider a continuous loop conveyor such as an 
overhead trolley in which the pathway is formed by an endless chain moving in a track 
loop, and carriers are suspended from the track and pulled by the chain, The conveyor 
moves parts in the carriers between a load station and an unload station. The complele 
loop is divided into two sections: a delivery (forward) loop in which the carriers arc loaded 
and a return kx>p in which the carriers travel empty, as shown in Figure 10.1 l(b).The length 
of the delivery loop is L d , and the length of the return loop is Z.,.Total length of the con¬ 
veyor is therefore L - L d - Z,,.The total time required to travel the complete loop is 

Tc = ~ ( 10 . 11 ) 

where T, = total cycle lime (min), and v, - speed of the conveyor chain (m/min, ft/min). 
The time a load spends in the forward loop is 

r. = (io.i2) 

where T d = delivery time on the forward loop (min). 

Carriers arc cqually spaced along the chain at a distance s c apart. Thus,the total num- 
ber of carriers in the loop is given by: 


(10.13) 


where n c - number of carriers, L = total length of the conveyor loop (m,ft), and s c = 
center-to-center distance between carriers (m/carrier,ft/carrier).The value of n c must be 
an integer, and so L and s c must be consistent with that requirement. 

Each carrier is capable of holding n p parts on the delivery loop, and it holds no parts 
on the return trip. Since only those carriers on the forward loop contain parts, the maximum 
number of parts in the system at any one time is given by: 


Total parts in system 


n„i i c L d 

L 


(10.14) 


As in the single direction conveyor, the maximum flow rate between load and unload 
stations is 
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where R f = parts per minute. Again, this rate mast be consistent with limitations on the 
time it takes to load and unload the conveyor, as defined in Eqs. (10.8)-(10.10). 

Recirculating Conveyors: Kwo Analysis. Recall (Section 10.4.2) and the two 
problems complicating the operation of a recirculating conveyor system: (1) the possibili- 
ty that no empty carriers are immediately avaiJablc at the loading station whcn nccdcd 
and (2) the possibility that no loaded carriers are immediately available at the unloading 
station when needed. In the Kwo analysis [8], [9j.the case of a recirculating conveyor with 
one load station and one unload station is considered. According to Kwo, there are three 
basic principles that must be obeyed in designing such a conveyor system: 

(1) Speed Ru/e.This principle States that the operating speed of the conveyor must be 
within a certain range. The lower limit of the range is determined by the required 
loading and unloading rates at the respective stations These rates are dictated by the 
external systems served by the conveyor. Let R L and R v represent the required load¬ 
ing and unloading rates at the two stations, respectively. Then the conveyor speed 
must satisfy the following relationship: 

n.v, 

— - ^ Max{R Ll R v } (10.15) 

where R L = required loading rate (parts/min), and R v = the corresponding un¬ 
loading rate. The upper speed limit is determined by the physical capabilities of the 
material handlers to perform the loading and unloading tasks. Their capabilities are 
defined by the time required to load and unload the carriers, so that 

S SMin {^) <,016 > 

where T t = time required to load a carrier (min/carrier), and T u = time required 
to unload a carrier. In addition to Eqs (10.15) and (10.16), another limitation is of 
course that the speed must not exceed the technological limits of the mechanical con¬ 
veyor itself. 

(2) Capacity Constraint. The flow rate capadty of the conveyor system must be at (east 
equal to the flow rate requirement to accommodate reserve stock and allow for the 
time elapsed between loading and unloading due to delivery distance. This can be 
expressed as follows: 

~ - R i (10.17) 

In this case. R f must bc interpreted as a system specification required of the recircu- 
lating conveyor. 

(3) Uniformity Principle.This priuciple States that parts (loads) should be uniformly dis- 
tributed throughout the length of the conveyor, so that there will be no sections of the 
conveyor in which every carrier is full while other sections are virtually empty. The 
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reason for the uniformity principle is to avoid unusually long waiting times at the 
load or unload stations for empty or luil carriers (respectively) to arrive. 


EXAMPLC 10.4 Recirculating Conveyor -Cnalysis: Kwo 

A recirculating conveyor has a total length of 300 m. Its speed is 60 m/min. and 
the spacingof part carriets along its length is 12 m. Bach carrier can hold two 
parts.The task time required to load two parts into each carrier is 0.20 min and 
the unload time is the same. The required loading and unloading rates are both 
defined by the specified flow rate, which is 4 parts/min. Evaluate the conveyor 
system design with respect to Kwo's three principles. 

Solution: Speed Rule: The lower limit on speed is set by the required loading and un¬ 
loading rates, which is 4 parts/min. Checking this against Eq. (10.15), 

Max{«,../?„} 


(2 parts/carrier)(60 m/min) 
12 m/carrier 


= lOparts/min > 4 parts/min 


Checking the lower limit: 


60 m/min 
12 m/carrier 


= 5 carriers/min s Min < 


.0.2' 


Min{5.5} = 5 


The Speed Rule is satisfied. 

Capacity Constraint: The conveyor flow rate capacity = 10 parts/min as 
computcd above. Since this is substantially greater than the required delivery 
rate of 4 part/min, the capacity constraint is satisfied. Kwo provides guidelines 
for determining the flow rate requirement that should be compared to the con¬ 
veyor capacity [8|, [9]. 

Uniformity Principle. The conveyor is assumed to be uniformly loaded 
throughout its length, since the loading and unloading rates are equal and the 
flow rate capacity is substantially greater than the load/unload rate. Conditions 
for checking the unitormity principle are available, and the reader is referred 
to the original papers by Kwo [8], (9). 
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PROBLEMS 


Charting Techniques 

10.1 A flexible manufacturing system is being planned. It has a ladder layout as pictured in Fig- 
ure P10.1 and uses a rail guided vehicle system to move parts between stations in the lay¬ 
out. All workparts are loaded into the system at station 1, moved to one of three processing 
stations (2,3, or 4), and then biought bæk to station 1 for unloading. Once loaded onto its 
RGV.each workpart stays onboard the vehicle throughout its time in the FMS.Load and un- 
load times at station 1 are each 1.0 min. Processing times at other stations are: 5.0 min at sta¬ 
tion 2,7.0 min at station 3. and 9.0 min at station 4. Hourly production of parts through the 
system is: 7 parts through station 2,6 parts through station 3, and 5 parts through station 4. 

(a) Develop the From-To Chart for trips and distances using the same format as Thble 10.2. 

(b) Develop the flow diagram for this data similar to Figure 10.14.The From-To Chart de- 
vekiped here is used in Problem 10.4. 

10.2 In Example 10.2 in the text, suppose that the-vehkles operate according to the following 
scheduling rules: (1) vehkles delivering raw workparts from station 1 to stations 2,3, and 4 
must return empty to station 5: and (2) vehiclespicking up finished parts at stations 2,3,and 
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Figure P10.1 FMS layout for Problem 10.1. 


4 for delivery to station 5 must travel cmpty from station ). Determinc Ilte empty travel 
distances Associated with eacb delivery and develop a From-To Chart in the formal of lable 

10.2 in tbe texi.The From-To Chart developed bere is used in Problem 10.5. 

10.3 In Example 10.2 in the tcxt, supposc that the vehicles operatc according to the followmg 
scheduling rule to minimize the distances the vehicles travel empty: Vehicles delivering rnw 
workparts trom station 1 to stations 2,3, and 4 must pick up finished parts at these respee- 
tive stations for delivery to station 5. Determinc the empty travel distances associatcd with 
each delivery and develop a Front-To Chart in the format of Tabte 10.2 in the (ext. The From- 
To Chart developed here is used in Problem 10.6. 

Anaiysfs of Vehicfe-Based Systems 

10.4 This is a continuation of Problem 10.1. Determinc the number of rail guided vehicles that 
are nceded to meet the requirements of the flexible manufacturing system.it vehiele speed 
= 60 m/min and the anlieipaled traffic factor » 0.85. Assume availability A = 100% and cf- 
fitiency E = 1.0. 

10.5 This problem is a continuation of Problem 10.2. wbich extends Example 10.2 in the lext. 
SuppiKe the AGVs travel at a speed of 40 m/min. and the traffic factor = 0.90. As deter¬ 
mined in Example 10.2, the delivery distance - 103.8 m. (a) Determinc the valuc of for 
the layout based on your tablc. (b) How many automated guided vehicles will be required 
to operate the system? Assume availability A = 100% and efficiency E = 1.0. 

10.6 This problem is a continuation of Problem L0.3,which extends Example 10.2 in the lext 
Suppose the AGVs travel at a speed of 40 m/min. and the traffic factor 0.90. As deler- 
mined in Example 10.2. the delivery distance = 103.8 m. (a) Determme the value of l. r lor 
the layout based on your tablc. (b) How many automated guided vehicles wil! be required 
to operate the system? Assume availability A = 100% and efficiency E *■ 1.0. 

10.7 A plamted fleet of forklift trucks has an average travel distance per delivery = 500 11 loaded 
and an average empty travel distance = 350 ft. The fleet must make a total of 60 del/hr. 
Load and unload times are each 03 min and the speed of the vehicles = 300 ft/min.The traf¬ 
fic factor for the system = 0.85. Availability is cxpected to bc 0.95 and worker efficiency is 
assumed to be 0.90. Determine: (a) ideal cycle time per delivery. (b) the resulting average 
number of deliveries per hour that a forklift truck can make. and (c) how many trucks are 
required lo accomplish the 60 del/hr. 

10.8 An aulomated guided vehiele system has an average travel distance por delivery -- 200 m 
and an average empty travel distance = 150 m. Load and unload times are each 24 s and the 
speed of the AGV = 1 rn/s. Traffic factor = 0.9. How many vehicles are nceded to satish a 
delivery rcquirement of 30 del/hr? Assume A ~ 0.95. 
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10.9 Four /orklift trucks are used to deliver pallet loads of parts between work cells in a factoiy. 
Average travel distance loaded is 350 ft, and the travel distance empty is estimated to be 
the same. The trucks are driven at an average speed of 3 mi/hr when loaded and 4 mi/hr 
when empty. Terminal time per delivery averages 1.0 min (load = 0.5 min and un- 
load = 0.5 min). If the traffic factor is assumed to be 0.90, availability =1.0 and work cffi- 
ciency = 0.95, what is the maximum houdy delivery rate of the four trucks? 

10.10 An AGVS has an average loaded travel distance per delivery = 400 ft. The average empty 
travel distance is nol known. Required number of deliveries per hour = 60, Load and un- 
load times are each 0.6 min and the AGV speed = 125 ft/min. Anticipated traffic fac¬ 
tor = 0.80. Availability = 0.95. Develop an equation that relates the number of vehicles 
required to operate the system as a function of the average empty travel distance L,. 

10.11 A rail guided vehicle system is bcing planned as part of an assembly cell. The system con- 
sists of two parallel lines, as in Figure P10.11. in operation, a base part is loaded at station 1 
and delivered to either station 2 or 4, where components are added to the base part. The RG V 
theu goes to either station 3 or 5, respectively, where further assembly of components is ac- 
complished. From stations 3 or 5, the product moves to station 6 for removal from the sys¬ 
tem. Vehicles remain with the producls as they move through the station sequence; thus, 
therc is no loading and unloading of parts at stations 2,3,4, and 5. After unloading parts at 
station 6, the vehicles then travel empty back to station 1 for teloading. The hourly moves 
(parts/hr) and distances (ft) are listed in the table below. RGV speed * 100 ft/min. As¬ 
sembly cycie times at stations 2 and 3 = 4.0 min each and at stations 4 and 5 - 6.0 min each. 
Load and unload times at stations 1 and 6, respectively, are each 0.75 min.TVaffic factor - 1.0. 
How niany vehicles are required to operate the system? Assume A - 1.0. 



Figure P10.ll Layout for Problem 10.11. 


10.12 An AGVS will be used to satisfy material flows indicated in the From-To Chart in the tol- 
lowing tabte, which shows deliveries per hour between stations (above the slash) and dis¬ 
tances in meters between stations (below the slash). Moves indicated by “L” are trips in 
which the vehicle is loaded, while “E” indicates moves in which the vehicle is empty. A traf¬ 
fic factor = 0.85 is assumed. Assume availability A = 0.90. Speed ofan AGV = 0.9m/s.lf 
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load handling lime per delivcry = 1.0 min, delermine the number of vehicles needed to sat- 
isfy thc indicated delrveries per hour? 


To: 

f 

2 

3 

4 

F/nm: 1 

0/0 

9L/90 

7L/120 

5L/75 

2 

5E/90 

0/0 

0/NA 

4 L/80 

3 

7E/120 

0/NA 

0/0 

0/NA 

4 

9E/75 

0/NA 

0/NA 

0/0 


10.13 An automaied guided vehicle system is being proposed to deliver paris between 40 work¬ 
stations in a faciory. Loads must bc moved from each station about oncc every hour; thus, 
thc delivcry rate « 40 loads/hr. Average travel distance loaded is estimated to bc 250ft and 
travel distance empty is estimated to be 300 ft Vehicles move at a speed = 200 ft/min. Total 
handling time per delivery ■> 1.5 min (load = 0.75 min and unload * 0.75 min). TVaffic fac¬ 
tor F, becomes incrcasingly significant as the number of vehicles n c inereases; this can bc 
modeled as: 

F, = 1J) - 0.05(n, - 1) for n c = Integer > 0 

Determin« the minimum number of vehides needed in the foctory to meel the flow rate 

requirement. Assume A = 1.0. 

10.14 An automated guided vehicle system is being planned for a warehouse complex.The AOVS 
will be a driverless train system, and each train will consist of the towing vehicle plus four 
pulled cartsThe speed of the trains will be 160 ft,/min.Only the pulled carts carry loads.The 
average loaded travel distance per delivery cycle is 2000 ft and empty travel distance is the 
same.Anticipated travel factor = 0.95. The load handling time per train per delivery is ex- 
pected to be 10 min If the requirements on the AGVS are 25 cart loads/hr, determine the 
number of trains required. Assume A = 1.0. 

10.15 The From-To Chart in the lable below indicates the number of loads moved per 8-hr day 
(above the slash) and thc distances in feet (below the slash) between departments in a par- 
ticular factory. Fork lift trucks are used to transport materials between departments They 
move at an average speed = 275 ft/min (loaded) and 350 ft/min (empty). Load handling 
time per delivery is 1.5 min. and anticipated traffic factor = 0.9. Assume A - 0.95 and work- 
er efficiency ” 110%. Determine the number of trucks required under each of the follow- 
ing assumptions: (a)The trucks never travel empty, and (b) the trucks travel empty a distance 
equal to their loaded distance. 


To Dept. 

A 

B 

c 

D 

E 

From Dept. A 

_ 

62/500 

51/450 

45/350 

0 

B 

0 

— 

0 

22/400 

0 


0 

0 

— 

0 

76/200 



0 

0 


65/150 

E 

0 

0 

0 

0 
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10.16 Major appliances are assemblcd on a produedon line at the rate of 55 per hour. The prod- 
ucts arc moved alongthe line on work pallets (one product per pallet). At the final work¬ 
station the finished products are removed trom the pallets The pallets are then removed from 
the lire and delivered back to the front of the line for re use. Automat ed guided vehicles are 
used to transport the pallets to thc front of the line, a distance of 600 ft. Return trip distance 
(empty) to the end of the line is also 600 ft. Each AGV carries four pallets and travels at a 
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speed of ISO fl/inin (either loaded or empty).T)ie pallets form queues at each end of ihe line, 
so thai neither ihe production line nor the AGVs are ever starved for pallets. Time required 
to load each pallet onto an AGV = 15 sec; time to release a loaded AGV and move an 
emptv AGV into position for leading at the end of the line = 12 sec. The same times apply 
for patlei handling and rclcase'positioning at the unload station located at the front of the 
production line. Assumc the traffic factor is 1.0 sinee the rouie is a simple loop. Also, as- 
sumc A = I.O. How many vehicles are needed to operate the AGV system? 

10.17 For the production line in Problem 10.16. assume thai a single AGV train consisting of a 
tractor and multiple trailers is used to make deliveries rather than separate vehicles. Time 
required to load a pallet onto a trailer = 15 sec, and the time to release a loaded train and 
move an emptv train into position for loading at the end of the production line = 30 sec. The 
same times apply for pallet handling and release/positioning at the unload station located 
at the from of ihe production line. If each trailer is capable of carrying four pallets. how 
many trailers shuuld bc included in the train? 


Analysis of Conveyor Systems 

10.18 An overhead trolley conveyor is configured as a continuous dosed loop. The delivery loop 
has a length of 120 m and the return loop = 80 m. All parts loaded at the load station are 
unloaded at the unload station. Each hook on the conveyor can hold one part. and the hooks 
are separated by 4 m. Conveyor speed - 1.25 m/s. Determine: (a) maximum number of 
parts in the conveyor system, (b) parts flow rate. and (c) maximum loading and unloading 
times that are compatible with the operation of the conveyor system. 

10.19 A 300-fl long roller conveyor. which operates at a velocity = 80 ft/min, is used to move pal¬ 
lets between load and unload stations. Each pallet carries 12 parts. Cycle time to load a pal¬ 
let is 15 sec, and one worker at the load station is able to load pallets at the rate of 4 per 
minute. Il takes 12 sec to unload at the unload station. Determine: (a) center-to-cenler dis¬ 
tance between pallets. (b) the number of pallets on the conveyor at one time, and (c) hourly 
flow rate of parts, (d) By how mueh must conveyor speed be inereased to inerease flow rate 
to 3000 parts/hr? 

10.20 A roller conveyor moves lote pans in one direction at 150 ft/min between a load station 
and an unload station, a distance of 200 ft. The time to load parts into a tote pan at the load 
station is 3 sec per part. Each tote pan holds 8 parts. In addition, it takes 9 sec to load a tote 
pan onto the conveyor. Determine: (a) spacing between tote pan centers flowing in the con- 
veyoi system and (b) flow rate of parts on the conveyor system, (c) Consider the effeet of 
ihe unit load principle. Suppose the tote pans were smaller and could hold oniy one pari 
rather than eighl. Determine the flow rate in this case if it takes 7 sec to load a tote pan onto 
the conveyor (instead of 9 sec for the larger tote pan). and it takes the same 3 sec to load the 
part into the tote pan. 

10.21 A closed loop overhead conveyor must be designed to deliver parts from one load station 
to one unload station. The specified flow rate of parts that must be delivered between the 
two slations is 300 parts/hr.The conveyor hascarriers spaced at a center-to-center distance 
that is to be determined. Each earrier holds one part. Forward and return loops wil] each be 
90 m long. Conveyor speed = 0.5 m/s. Times to load and unload parts at the respective sta¬ 
tions are each = 12 & Is the system feasible. and tf so, what is the appropriate number ol 
carriers and spacing between carriers that will aehieve the specified flow rate? 

10.22 Consider Problem 1021, only that the carriers are iaiger and capable of holding up to four 
parts (n fi = 1,2,3, or 4).The loading time T L = 9 + 3n r , wherc T, is in seconds With other 
parameters defined as in Ihe previous problem, determine which Of the tour values ot ft p 
are feasible. For ihose values that are feasible. specify the appropriate design parameters 
for (a) spacing between carriers and (b) number of carriers that will aehieve this flow rate. 
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10.23 A recirculating conveyor has a total length of 700 ft and a speed of 90 ft/min. Spacing of part 
carriers = 14 ft. Each carrier can hold onc part. Automatic machines load and uoload the 
convcynr at thc load and unload stations.Tune to load a part is 0 10 min, and unload time is 
the same. To satisfy production requirements. thc loading and unloading rates are each 
il) parts/min. F.valuate thc convcyor system design with respect to the three principles de- 
veloped by Kwo. 

10.24 A recirculating conveyor has a total length of 200 m and a speed of SO m/min. Spacing of 
part carriers = 5 m. Each carrier holds two parts. Time nccdcd to load a part carri- 
cr = O.IS min. Unloading time is the same. The required loading and unloading rates are 
6 parts/min. Evaluate the conveyor system design with respect to the three Kwo prinriples. 

10.25 There is a plan to install a continuous loop conveyor system with a total length of 1000 ft and 
a speed of 50ft/min.The conveyor will have carriers thai are separated by 25 ft. Each car¬ 
rier will be capable of holding one part. A load station and an unload station are to be lo- 
catcd 500 ft apart along the conveyor loop. Each dav, the conveyor system is planned to 
operatc as follows, starting empty al the beginning of the day. The load station will load 
parts at the rate of one part every 30 sec, continuing this loading operation for 10 min, then 
resting for 10 min, dunng which no loading occurs. It will repeat this 20-min cycle through- 
out the 8-hr shift.The unload stalion will wait until loaded carriers begin to arrive, then will 
unload parts at thc rate of 1 part/min during the 8 hr, continuing until all carriers are empty. 
(a) If the length of each station is 10 ft. and so loading and unloading must be accomplished 

on a moving conveyor wiihin that spacc, what is the maximum time available to perform 
the loading and unloading operations? (b) Will the planned conveyor system work? Pre¬ 
sent calculalions and arguments to justify your answer. 
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CHAPTER CONTENTS 

11.1 Storage System Performance 

11.2 Storage Location Strategies 

11.3 Conventional Storage Methods and Equipment 

11.4 Automated Storage Systems 

11.4.1 Automated Storage/Retrieval Systems 

11.4.2 Carousel Storage Systems 

11.6 Engineering Annlysis of Storage Systems 

11.5.1 Automated Storage/Retrieval Systems 

11.5.2 Carousel Storage Systems 

The function of a materiai storage system is to store materials for a period of time and to 
permil access to those materials when required. Materials stored by manufacturing firms 
include a variety of types, as indicated in Table 11.1. Categories fl)—(5) relate directly to the 
product, (6)-(8) relate to the proces«, and (9) and (10) relate to overall support of factory 
operations. The different categories of materials require different storage methods and 
Controls. Many production plants use manual methods for storing and retrieving items-The 
storage function is often accomplished inefficiently. in terms of human resources, factory 
floor Space, and materiai contiol. Automated methods are available to improve the effi- 
ciency of the storage function. 

In this chapter, we begin by defining the most important measures of storage system 
performance. We also discuss the different strategies that can bc used to decide appropri- 
ate locations for items in the storage system. We then describe the types of storage equip¬ 
ment and methods, dividing these into conventional and automated types. The final section 
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TABLE 11.1 Types of Materials Typically Stored in a Factory 



1. Rawmaterials 

2. Pure has ed parts 

3. Work-in-process 

4. Finished product 

5. Rework and scrap 

6. Refuse 

7. Toollng 


8. Spare parts 

9. Office supplies 

10. Plant records 


Raw stock to be processed ie.g.. bar stock, sheet metal, plastic molding 
compound) 

Parts from vendors to be processed or assembled ie.g., castings, purchased 
components) 

Partially completed parts between processing operations or parts awaiting 
assembly 

Completed product ready for shipment 

Parts that are out of specification, eilher to be reworked or scrapped 

Chips, swarf, oils, other waste products left over atter processing; these 
matarials must be disposed of, sometimes using special precautions 

Cutting tools, jigs, fixtures, molds, dies, welding wire, and other tooling used 
in manufacturing and assembly; supplies such as helmets, gloves, etc., 
are usually included 

Parts needed for maintenance and repair of factory equipment 

Paper, paper forms, writing instruments, and other items used in support 
of plant office 

Records on product, equipment, and personnel 


presents a quantitative analysis of automated storage systems, whose performance is gen¬ 
erally measured in terms of capacity and throughput. 


11.1 STORAGE SYSTEM PERFORMANCE 

The performance of a storage system in accomplishing its funetion must be sufficient to jus- 
tify its investment and operating expense. Various measures used to assess the performance 
of a storage system include: (1) storage capacity, (2) density, (3) accessibility, and (4) through¬ 
put. In addition, standard measures used for mechanized and automated systems include 
(5) utilization and (6) reliability. 

Storage capacity can be measured in two ways: (1) as the total volumetric space avail- 
able or (2) as the total number of storage compartments in the system available for items 
or loads. In many storage systems, materials are stored in unit loads that are held in stan¬ 
dard size containers (pallets, tote pans, or other containers). The standard container can 
readily be håndled, transported, and stored by the storage system and by the material han¬ 
dling system that may be connected to it. Hence, storage capacity is conveniently measured 
as the number of unit loads that can be stored in the system. The physical capacity of the 
storage system should be greater than the maximum number of loads anticipated to be 
stored, to provide available empty spaces for materials being entered into the system and 
to allow for variations in maximum storage requirements. 

Storage density is defined as the volumetric space available for actual storage rela¬ 
tive to the total volumetric space in the storage facility. In many warehouses, aisle space and 
wasted overhead space account for more volume than the volume available for actual stor¬ 
age of materials. Floor area is sometimes used to assess storage density, because it is con- 
venient to measure this on a floor plan of the facility. However, volumetric density ts usually 
a more-appropriate measure than area density. 

For efficient use of space, the storage system should be designed to achieve a high den¬ 
sity. However, as storage density is inereased, accessibility, another important measure of 
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storage performancc, is adversely affected. Accessibility refers to the capability to access 
any desired item or load stored in the system. In the design of a given storage system, trade- 
offs must be made between storage density and accessibility. 

System throughput is defined as the hourly rate at which the storage system (1) re- 
ceives and puls loads into storage and/or (2) retrieves and delivers loads to the output sta¬ 
tion. In mary factory and warehouse operations, there are certain periods of the day wh en 
the required rate of storage and/or retrieval transactions is greater than at other times.The 
storage system must be designed for the maximum throughput that will be required dur¬ 
ing the day. 

System throughput is limited by the time to perform a storage or retrieval (S/R) trans¬ 
action. A typical storage transaction consists of the following elements: (I) pick up load at 
input station, (2) travel to storage location, (3) place load into storage location, and (4) irav- 
el back to input station. A retrieval transaction consists of: (1) travel to storage location, 
(2) piek item from storage, (3) travel to output station, and (4) unload at output station. Each 
element takes time. The sum of the element times is the transaction time that determines 
throughput of the storage system. Throughput can sometimes be increascd by combining 
storage and retrieval transactions in one cyde. thus reducing travel time; this is c;»lled a 
dual command cyde. When either a storage or a retrieval transaction alone is performed 
in the cycle,it is called a single command cyde. 

There are variations in the way a storage/retrieval cycle is performed, depending on 
the type of storage system. In manually operated systems, time is oftep lost looking up the 
storage location of the item being stored or rctrieved. Also, element times are subject to 
the variations and motivations of human workers, and there is a lack of Control over (he op¬ 
erations. The abtlity to perform dual command cycles rather than single command cycles 
depends on demand and scheduling issues. If. during a certain portion of the day, t/iere is 
demand for only storage transactions and no retrievals, then if is not possible to inciude botli 
types of transactions in the same cycle. If both transaction types are required, then greater 
throughput will be achieved by scheduling dual command cycles. This scheduling is more 
readily done by a computerized (automated) storage system. 

Throughput is also limited by the capability of the material handling system that is 
interfaced to the storage system. If the maxiraum rate at which loads can be delivered to 
the storage system or removed from it by the handling system is less than the S/R cycle rate 
of the storage systein, then throughput will bc adversely affected. 

Two additional performance measures applicable to mechanized and automated stor¬ 
age systems are utilization and availability. Uti/izalion is defined as the proportion of time 
that the system is actually being used for performing storage and retrieval operations com- 
pared with the time il is available. Utilization vanes throughput the day, as requiremenls 
change from hour to hour. It is desirable to design an automated storage system for rela- 
ti vely high utilization, in the range 80-90%. If utilization is too low, then the system is prob- 
ably overdesigned. If utilization is too high, then there is no allowance for rush periods or 
system breakdowns. 

Availability is a measure of system reliability. defined as the proportion of time that 
the system is capable of operating (not broken down) compared with the normally sched- 
uled shift hours. Malfunctions and failures of the equipment cause downtime. Reasons for 
downtime inciude computer failures, mechanical breakdowns, load jams, improper main- 
tenancc.and incorrecl procedures by personnel using the system. The. reliability of an ex- 
isting system can be improved by good preventive maintenance procedures and by having 
repair parts on hånd for critica! components. Backup procedures should be devised to mit- 
igate the effeets of system downtime. 
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11.2 STORAGE LOCATION STRATEGIES 

There are several strategies that can be used to organize stock in a storage system. These 
storage location strategies affect several of the performance measures dbcussed above. 
The two basie strategies are (1) randomized storage and (2) dedicated storage. Let tis ex- 
plain these strategies as they are commonly applied in warehousing operations. Each item 
type stoted in a warehouse is known as a stock-keeping-unit (SKU). The SKU uniquely 
idenlifies that item lypc.The inventorv rccords of the storage facility maintain a count of 
the quantities of cacH SKU that are in storage. In randomized storage, items are stored in 
any availablc location in the storage system. In the usual implementation of randomized 
storage, incoming items are placed into storage in the nearest available open location. 
When an order Ls received for a given SKU. the stock is retrieved from storage according 
to a first-in-firsl-out policy so thai the items held in storage the longest are used to make 
up the order. 

In dedicated storage. SKUs are assigned to specific locations in the storage facility.This 
means that locations are reserved for all SKUs stored in the system, and so the number of 
storage locations for each SKU musl be sufficient to accommodate its maximum invento- 
ry level. The basis for specifying the storage locations is usually one af the lollowing: 
(1) Items are slored in part number or product number sequence; (2) items are stored ac¬ 
cording to activily level, the more active SKUs being located doser to the inpul/output 
station: or (3) items are stored according to their activity-to-space ratios, the higher ratios 
being located doser to the input/output station. 

When comparing the benefits of the two strategies, it is generally found that less total 
Space is required in a storage system that uses randomized storage, but higher throughput 
rates can usually bc achieved when a dedicated storage strategy is implemented based on 
activity level Example 11.1 illustrates the advantage of randomized storage in terms of its 
better storage density. 

EXAMPLE 11.1 Comparison of Storage Strategies 

Suppose that a total of 50 SKUs must be stored in a storage system. For each 
SKU, average order quantity = 100 cartons, average dppletion rate = 2 car- 
tons/day. and satety stock level = 10 cartons. Each carton requires one storage 
location in the system. Based on this data, each SKU has an inventory cycle 
that lasts 50 davs. Sinæ there are 50SKUs in all, management has scheduled in¬ 
coming orders so that a different SKU arrives each day. Determine the number 
of storage locations required in the system under two alternative strategies: 
(a) randomized storage and (b) dedicated storage. 

Solution: Our cstiniates of space requirements are based on average order quantities and 
other values in the problem statement. Let us first calculate the maximum in¬ 
ventory level and average inventory level for each SKU.The inventory for each- 
SKU vanes over time as shown in Figure 11.1. The maximum inventory level, 
which occurs just after an order has been received, is the sum of the order quan- 
tity and safety stock level. 

Maximum inventory level = 100 + 10 = 110 cartons 

The average inventory is the average of the maximum and minimum invento¬ 
ry levels under the assumption of uniform depletion rate. The minimum value 
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Figure 11.1 Inventory level as a function of time for each SKU in 
Example 11.1. 


occursjust before an order is received when the inventory is depleted to the safe- 
tv stock level. 

Minimum inventory level = 10 cartons 
Average inventory level = (110 + 10)/2 = 60 cartons 

(a) Under a randomized storage strategy. the number of locations required for 
each SKU is equal to the average inventory level of the item.since incoming or- 
ders are scheduled each day throughout the 50-day cyde.This means that when 
the inventory level of one SKU near the beginning of ils cycle is high, the level 
for another SKU near the end of its cycle is low.Thus, the number of storage lo¬ 
cations required in the system is: 

Number of storage locations = (50 SKUs)(60 cartons) = 3000 locations 

(b) Under a dedicated storage strategy, the number of locations required for 
each SKU must equal its maximum inventory level. Thus, the number of stor¬ 
age locations required in the system is: 

Number of storage locations — (50 SKUs)(l 10 cartons) - 5500 locations 


Some of the advantages of both storage strategies can be obtained in a class-based 
dedicated storage allocation, in which the storage system is divided into several classes ac- 
cording to activity level, and a randomized storage strategy is used within each class.The 
classes containing more-active SKUs are located doser to the input/output point of the 
storage system for inereased throughput, and the randomized locations within the classes 
reduce the total number of storage compartments required. We examine the effeet of class- 
based dedicated storage on throughput in Example 11.4 and several of our end-of-chapter 
problems. 

11.3 CONVENTiONAL STORAGE METHODS AND EQUIPMENT 

A variety of storage methods and equipment are available to store the various materials 
listed in Table ll.l.Thechoiceof method and equipment depends largely on the material 
to be stored, the operating philosophy of the personnel managing the storage facility, and 
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TABLE 11.2 Application Characteristics of the Types of Storage Equipment and Methods 


Storage Equipment 

Advantages and Disadvantages 

Typical Applications 

Bulk storage 

Highest density is possible 

Low accessibility 

Lowest possible cost per sq ft 

Storage of low tu mover, large stock 
or large unit loads 

Rack systems 

Good storage density 

Good accessibility 

Palletized loads in warehouses 

S hel ves and bins 

Some stock items not clearly 
visible 

Storage of individual items on shetves 
Storage of commodity items in bins 

Drawer storage 

Contents of drawer easily visible 
Good accessibility 

Relatively high cost 

Small tools 

Small stock items 

Repair parts 

Automated storage 
systems 

High throughput rates 

Facilitates use of computerized 
inventory control system 

Highest cost equipment 

Facilitates interface to 
automated material handling 
systems 

Work-in-process storage 

Final product warehousing and 
distribution centør 

Order picking 

Kitting of parts for eiectronic 
assembly 


budgctary limitations. In this section.wc discuss th« traditional (nonautomated) methods 
and equipment types. Automated storage systems are discussed in the following section. Ap¬ 
plication characteristics for the different equipment types are summarized in Table 11.2. 

Bulk Storage. Bulk storage refers to the storage of stock in an open floor area. 
The stock is generally contained in unit loads on pallets or similar containers, and unit 
loads are stacked on top of each other to inerease storage density. The highest density is 
achieved when unit loads are placed next to each other in both floor directions, as in Fig- 
ure 11.2(a). However, this provides very poor access to internal loads. To inerease 




(a) (b) 

t'igure 11.2 Various bulk storage arrangements: (a) high-density 
bulk storage provides low accessibility; (b) bulk storage with loads 
arranged to fortn rows and blocks for improved accessibility. 
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acccssibility, bulk storage loads can be organized into rows and blocks. so that natural aisles 
are created between pallei loads, as in Figure 11.2(b).The block widths can be designed to 
provide an appropriate balance between density and access i bi I i t y. Depending on the shape 
and physical support provided by the items stored. there may be a restriction on how high 
the unit loads can be stacked. In some cases, loads cannot be stacked on top of each other, 
either because of the physical shape or limited contpressive strength of the individual loads. 
The inabilily to stack loads in bulk storage reduces storage density, removing one of its 
principal benefits. 

Although bulk storage is characteiizcd by the absence of specific storage equipment, 
material handling equipment must be used to put materials into storage and to retrieve 
them. Industrial trucks such as pallet trucks and powered forklifts (Section 10.1) are typi- 
cally used for this purposc. 

Rack Systems. Rack systems provide a method of stacking unit loads vertically 
without the need for the loads themselves to provide support. One of the most common rack 
systems is the pallet rar A, consis ting of a frame that includes horizontal load-supporting 
beams. as illusirated in Figure 113. Pallet loads are stored on these horizonlal beams. Al¬ 
ternative storage rack systems include: 

• Cuntilevrr racks, which serve a siitiilar funetion as pallet racks except the supporting 
horizontal beams are cantilevered from the vertical central frame. Elimination of the 
vertical beams at the front of the frame provides unobstructed spåns, which facili- 
totes storage of long materials such a$ rods, bars,and pipes. 

• Portable racks, which consist of portable box-frames that hold a single pallet load 
and can be stacked on lop of each other, thus preventing load erushing that might 
occur in bulk vertical storage. 

• Drive-throuffh racks . These consist of aisles, open at each end, having two vertical 
columns with supporting rails for pallet loads on either side but no obstructing beams 
spanning the aisle. The rails ate designed to support pallets of specific widths (Table 
9.4). Forklift trucks are driven into the aisle to place the pallets onto the supporting 
rails. A rclated rack system is the drive-in rack, which is open at one end, permitting 
forklifts to access loads from one direction only. 

• F!ow-:hrough racks. In place of the horizontal load-supporting beams in a conven- 
tional rack system, the flow-through rack uses long convevor tracks capable of sup¬ 
porting a row of unit loads. The unit loads are loaded from one side of the rack and 
unloaded from the other side, thus providing first-in-first-out stock rotation.The con- 
veyor tracks are often inelined at a slight angle to allow gravity to move the loads to- 
ward the output side of the rack system. 

Shelving and Bins. Shelves represent one of the most common storage equip¬ 
ment types. A shelf is a horizontal platform, supported by a wall or frame, on which mate- 
rials are stored. Steel shelving sections are manufactured in standard sizes, typically ranging 
from about 0.9 to 1.2 m (3 to 4 ft) long (in the aisle direction), from 0.3 to 0.6 m (12 to 
24 in) wide. and up to 3.0 m (10 ft) tall. Shelving often includes bins. which are containers 
or boxes that hold loose items. 

Drawer Storage. Finding items in shelving can sometimes be diffieuit, cspecially 
if the shelf is either far above or below eye level for the storage attendanf. Slorage draw- 
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Figure 11.3 Pallet rack system for storage of unit loads on pallets. 


ers, Figure 11.4, can alleviate this problem because each drawer pulis out to allow its en- 
tire contents to be rcadily seen. Modular drawer storage cabinets are available with a va- 
riety of drawer depths for different item sizes and are widely used for storage of tools and 
maintenance items. 


1 1.4 AUTOMATED STORAGE SYSTEMS 

The storage cquipmcnt described in the preceding section requires a human worker to ac¬ 
cess the items in storage. The storage system itself is static. Mechanized and automated 
storage systems are available that reduce or eliminate the amount of human intervention 
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required to operate the system. The level of automation varies. In less-automated systems, 
a human operator is Tequired in each storage/retrieval transaction. In highly aulomalcd 
systems, loads are entered or retrieved under computer Control, with no human participa¬ 
tion except to input data to the computer. Table 11.2 lists the advantages and disadvar- 
tages as well as typical applications of automated storage systems. 

An automated storage system represents a significant investment, and it often re- 
quires a new and different way of doing business. Companies have different reasonsfor au- 
tomating the storage function. Table 11.3 provides a list of possible objectives that a 
company may want to achieve by automating its storage operations. Automaled storage sys¬ 
tems divide into two general types: (1) automated storage/retrieval systems and (2) carousel 
storage systems. These two types are discussed in the following sections. 

11.4.1 Automated Storage/Retrleval Systems 

An automated storage/retrieval system (AS/RS) ean be defined as a storage system that 
performs storage and retneval operations with speed and accuracy under a defined dc- 
gree of automation. A wide range of automation is found in commercially available AS/R 

TABLE 11.3 Possible Objectives for Automating a Company's Storage Operations 

• To increase storage capacity 

• To increase storage density 

■ To recover factory floor space presently used for storing work-in-process 

• To improve security and reduce pilferage 

• To reduce labor cost and/or increase labor productivity in storage operations 

• To improve safety in the storage function 

• To improve Control over inventories 

• To improve stock rotation 

• To improve customer service 

• To increase throughput 
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systems. At the most sophisticated level, the operations are totally automated, computer 
controlled, and fully integrated with factory and/or warchouse operations; at the other cx- 
treme, human workers Control the equipment and perform the storage/retrieval transac¬ 
tions. Automated storagc/retricval systems are cuslom designed for cach application, 
although the designs are based on standard modular components available from each re- 
spective AS/RS supplier. 

Our definition can be interpreted to include carousel storage systems. However.in the 
material handling industry, the carousel-bascd systems are distinguished from AS/RSs.The 
biggest difference is in the construction of the equipment. The basic AS/RS consists of a 
rack structure for sloring loads and a storage/retrieval mechanism whose motions are lin¬ 
ear (x-y-z molions). By comrast, a basic carousel system uses storage baskets suspended 
from an overhead conveyor that revolves around an oval track loop to deliver the baskets 
to a toad/unload station.The differences between an AS/RS and a carousel storage system 
are summarized in Table 11.4. 

An AS/RS consists of one or more storage aisles that are each serviced by a stor¬ 
age/retrieval (S/R) machine. (The S/R machines are sometimes referred to as cranes.)Thc 
aisles have storage racks for holding the stored materials.The S/R machines are used to de¬ 
liver materiais to the storage racks and to retrieve materials from the racks. Each AS/RS 
aisle has one or more input/output stations where materials are delivered into the storage 
system or moved out of the system. The input/output stations are called pickup-and-deposit 
(P&D) stations in AS/RS terminology. P&D stations can be manually operated or interfaced 
to some form of automated handling system such as a conveyor or an AG VS. 

AS/RS Types and Applications. Several important categories of automated stor¬ 
age/retrieval system can be distinguished. The following are the principal types: 

• Unit load AS/RS The unit load AS/RS is typically a large automated system designed 
to handle unit ioads stored on pallcts or in other standard containers. The system is 
computer controlled, and the S/R machines are automated and designed to handle the 
unit load containers. A unit load AS/RS is pictured in Figure 11.5. The unit load sys¬ 
tem is the generic AS/RS. Other systems described below represent variations of the 
unit load AS/RS. 


TABLE 11.4 Differences Between an AS/RS and a Carousel Storage System 


Feature 

Basic AS/RS 

Basic Carousel Storage System 

Storage structure 

Rack system to support pellets or 
shelf system to support tote bins 

Baskets suspended from overhead 
conveyor trolleys 

Motions 

Linear motions of S/R machine 

Revolution of overhead conveyor 
trolleys around oval track 

Storage/retrieval 

operation 

S/R machine travels to 
compertments in rack structure 

Conveyor revolves to bring 
baskets to ioad/unload station 

Replication of storage 
capacity 

Multiple aisløs, each consisting 
of rack structure and S/R machine 

Multiple carousels, each 
consisting of oval track and 
suspended bir>s 
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Storage roodule 
t pallet loads) 


Figure 11.5 A unit load automated storage/retrieval system. 


Deep-lane A£/RS.The deep-lane AS/RS is a high-density unit load storage system that 
is appropriate when large quantities of stock are stored. but the number of separate 
stock types (SKUs) is relatively small. Instead of storing each unit load so that it can 
be accessed direetly from the aisle (as in a conventional unit load system), the deep- 
lane system stores ten or more loads in a single rack, one load behind the next. Each 
rack is designed for “flow-through," with input on one side and output on the other 
side. Loads are picked from one side of the rack by an S/R-type machine designed for 
retrieval, and another machine is used on the entry side of the rack for load input. 
Mimload AS/RS. This storage system is used to handle small loads (individuat parts 
or supplies) that are contained in bins or drawers in the storage system. The S/R ma- 
chinc is designed to retrieve the bin and deliver it to a P&D station at the end of the 
aisle so that individual items can be withdrawn from the bins. The P&D station is 
usually operated by a human worker.The bin or drawer must then be retumed toits 
location in the system. A miniload AS/R system is generally smaller than a unit load 
AS/RS and is often enciosed for security of the items stored. 

Man-on-board AS/RS A man-on-board (also called man-aboard) storage/retrieval 
system represents an alternative approach to the problem of retrieving individual 
items from storage. In this system, a human operator rides on the carriage of the S/R 
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machine. Whereas the miniload system delivers an enlire bin to tlie end-of-aisle pick 
station and must return it subsequcntly to its proper storage compartment. the man- 
on-board system permits individual items to be picked directlv at thcir storage loca¬ 
tions. This offers an opportunity to incrcase system throughput. 

• Automaed item retrievalsystem. These storage systems are also designed for retrieval 
of individual items or small product eartons: however. the items are stored in lånes 
rather than bins or drawers. Whcn an item is retrieved, it is pushed from ils låne and 
drops onto aconveyor for delivery to the pickup stat ion.The operation is somewhat 
sirailar to a candy vending machine. except that an item retrieval system has more 
storage lånes and a conveyor to transport items to a central location. The supply of 
items in cach lanc is pcriodically replenished, usually from the rear of the system so 
that there is flow-through of items, thus permitting first-in/first-out inven tory rotation. 

• Verticai lift storage modulei (VLSM) [10]. These are alsocalled verlieal lift automat 
ed storage/retrieval systems (VL-AS/RS) [7]. All of the preceding AS/RS types are 
designed around a borizontal aislc. The same principle of using a center aisle to ac¬ 
cess loads is used except thal the aisle is verticai. Verticai lift storage modules, some 
with heights of 10 m (30 ft) or more. are capable of holding large invemories while 
saving valuable floor space in the factory. 

Most applications of AS/RS iccluiulogy have licen <i>soda I ed with warehousing and dis¬ 
tributionoperations. An AS/RS ean also be used to store raw materials and work-in-process 
in manufacturing.Three application areas can be distinguished for automated storage/retrieval 
systems: (1) unit load storage and handling, (2) order picking, and (3) work-in-process stor¬ 
age systems. Unit load storage and retrieval applications are represented by the unit load 
AS/RS and deep-lane storage systems. These kinds of applications are commonly found in 
warehousing for finished goods in a distribution center, rarely in manufacturing. Deep-lane 
systems are used in the food industry. As described above. order picking involves retrieving 
materials in less than full unit load quantities. Miniload. man-on-board, and item retrieval sys¬ 
tems are used for this second application area. 

Work-in-process (WIP) storage is a more recent application of automated storage 
technology. While it is desirable to minimize the amount of work-in-process. it is also im- 
portanl to effeetively manage WIP that unavoidably does exist in a factory. Automated 
storage systems, either automated storage/retrieval systems or carouscl systems, represenl 
an efficient way of storing materials between processing steps, particularly in batch and 
job shop production. In high production, work-in-process is often carried between opera¬ 
tions by conveyor systems, which thus serves both storage and transport funetions. 

The merits of an automated WIP storage system for batch and job shop production 
can best be seen be comparing it with the traditional way of dealing with work-in-process. 
The typical factory contains multiple work cells, each performing its own processing op¬ 
erations on different parts. At each cell, orders consisting of one or more parts are waiting 
on the plant floor to be processed. while other completed orders are waiting to be moved 
to the ncxt cell in the sequence. It is not unusual for a plant engaged in batch production 
to have hundreds of orders in progress simultaneously, all of which represent work-in- 
process. The disadvantages of keeping all of this inventory in the plant include: (1) time 
spent searching for orders. (2) parts or even entire orders becoming temporarily or per¬ 
manently lost, sometimes resulting in repeat orders to reproducc the lost parts, (3) orders 
not being processed according to their relative pnorities at each ccll.and (4) orders spending 
too mueh time in the factory, causingcustomer deliveries to be late.These problems indi- 
cate poor control of work-in-process. 
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Automated storage/ietrieval systems are a!so used in high-production operations. 
Examples are found in the automobile industry, where some final assembly plants use large 
capacity AS/R systems to temporarily store car and small truck bodies between major as¬ 
sembly steps. The AS/RS can be used for staging and sequencing the work units according 
to the most efficient production Schedule [1]. 

Automated storage systems help to regain control over WIP. Reasons that justify the 
installation of automated storage systems for work-in-process include: 

• Buffer storage in production. A storage system can be used as a buffer storage zone 
between two processes whose production rates are significantly different. A simple 
example is a two-process sequence in which the first processing operation feeds a 
second process, which operates at a slower production rate. The first operation re- 
quiresonly one shift lo meet production requirements, while the second step requires 
two shifts to produce the same number of units. An in-process buffer is needed be¬ 
tween these operations to temporarily store the output of the first process. 

• Support ofjust-in-time delivery. Just-in-time (JIT) is a manufacturing strategy in which 
parts required in production and/or assembly are received immediateiy before they 
are needed in the plant (Section 26.7).This results in a significant dependency of the 
factory on its supplicrs to deliver the parts on time for use in production. To reduce 
the chance of stock-outs due to late supplier deliveries, some plants have installed au¬ 
tomated storage systems as storage buffers for incoming materials. Although this ap¬ 
proach subverts the objeclivcs of JIT, it also reduces some of its risks. 

• Kitting of parts for assembly. The storage system is used to store components for as¬ 
sembly of products or subassemblies. When an order is received, the required com¬ 
ponents are retrieved, collected into kits (tote pans), and delivered to the production 
floor for assembly. 

• Compatible with automatic Identification systems. Automated storage systems can be 
readily interfaced with automatic identification devices such as bar code readersThis 
allows loads to be stored and retrieved without human operators to identify the loads. 

• Computer control and tracking of malerials. Combined with automatic identification, 
an automated WIP storage system permits the location and status of work-in-process 
to be known, 

• Support of factory-wide automation. Cjiven the need for some storage of work-in- 
process in batch production, an appropriately sized automated storage system be 
comes an important subsystem in a fully automated factory. 

Components and Operating Features of an AS/RS. Virtually all of the auto¬ 
mated storage/retrieval systems described above consist of the following components, 
shown in Figure 11.5: (1) storage structure, (2) S/R machine, (3) storage modules (e.g.,pal- 
lets for unit loads), and (4) one or more pickup-and-deposit stations In addition, a control 
system is required to operate the AS/RS. 

The storage structure is the rack framework, made of fabricated Steel, which supports 
the loads contained in the AS/RS. The rack structure must possess sufficient strength and 
rigidity that it does not deflect significantly due to the loads in storage or other forces on 
the framework. The individual storage compartments in the structure must be designed to 
accept and hold the storage modules used to contain the stored materials. The rack struc- 
ture may also be used to support the roof and siding of the budding in which the AS/RS 
resides. Anoiher function of the storage structure is to support the aisle hardware required 
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lo align the S/R machines with respect to the storage compartments of the AS/RS.This 
hardware indudes guide rails at the top and bottom of the structure as well as end stops 
and other features required to provide safe operation. 

The S/R machine is used to accomplish storage transactions, delivering loads from 
the input station into storage, and retrieving loads from storage and delivering them to the 
output station.To perform these transactions, the storage/re tri c val machine must be capa- 
ble of horizontal and vertical travel to align its carriage (which carries the load) with the 
storage compartmcnt in the rack structure. The S/R machine consists of a rigid mast on 
which is mountcd a raii system for vertical motion of the carriage. Wheels are attached at 
the base of the mast to pennit horizontal travel along a rail system that runs the length of 
Ihe aisle. A parallel rail at the top of the storage structure is used to maintain alignment of 
the mast and carriage with respect to the rack structure. 

The carriage indudes a shuttle mechanism to move loads into and from their stor 
age compartments. The design of the shuttle system must also permil loads to be trans¬ 
ferred from the S/R machine to the P&D station or other material-handling interface 
with the AS/RS. The carriage and shuttle are positioned and actuated automatically in 
the usual AS/RS. Man-on-board S/R machines are equipped for a human operator to ride 
on the carriage. 

To accomplish Ihe desired molions of the S/R machine, three drive systems are re¬ 
quired: horizontal movement ot the mast. vertical movement of Ihe carriage, and shuttle 
transfer between the carriage and a storage compartmem. Modem S/R machines are avail- 
able with horizontal speeds up to 200 m/min (600 ft/min) along the aisle and vertical or 
lift speeds up to around 50 m/min(150 ft/min).These speeds determine the time required 
for the carriage to travel from the P&D station to a particular location in the storage aisle. 
Acceleration and deceleration have a more-significant effeet on travel time over short dis- 
tances.The shuttle transfer is accomplished by any of several mechanisms, including forks 
(for pallet loads) and friction devices for flat bottom tote pans. 

The storaRe modules are the unit load containers of the stored material. These in- 
clude pallets.steel wire basketsand containers,plastic tote pans,and specialdrawers (used 
in miniload systems).These modules are generally made to a standard base size that can 
be håndled automatically by the carriage shuttle of the S/R machine. The standard size is 
also designed to fit in the storage compartments of the rack structure. 

The pick and deposit station is where loads are transferred into and out of the AS/RS. 
They are generally located at the end of the aisles for access by the external handling sys¬ 
tem that brings loads to the AS/RS and lakes loads away. Pickup stations and deposit sta¬ 
tions may be located at opposite ends of the storage aisle or combined at the same location. 
This depends on the origination point of incoming loads and the destination of output 
loads. A P&D station must be designed to compatible with both the S/R machine shuttle 
and the extern al handling system. Common methods to handle loads at the P&D station 
include manual load/unload, fork lift truck, conveyor (e.g.,roller),and AGVS. 

The principal AS/RS Controls problem is positioning the S/R machine within an ac¬ 
ceptable tolerance at a storage compartment in the rack structure to deposit or retrieve a 
load. The locations of materials stored in the system must be determined to direct the S/R 
machine to a particular storage compartment. Within a given aisle in the AS/RS, each com¬ 
partment is idenlified by its horizontal and vertical positions and whether it is on the right 
side or lefl side of the aisle. A schemc based on alphanumeric codes can be used for this 
purpose. Using this location idenlification scheme, each unit of material stored in the sys¬ 
tem can bc referenced to a particular location in the aisle. The record of these locations is 
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called the "item location file." Each time a storage transaction is completed, the tiansac- 
tion must be recorded into the item location file. 

Given a specified storage compartment to go to, the S/R machine must be controlled 
to move to that location and position the shuttle for load transfer. One positioning method 
uses a counting procedure in which the number of bays and levels are counted in the di- 
rcction of travel (horiznntally and vertically) lo determine position. An alternative method 
is a numerical identification procedure in which each compartment is provided with a re- 
flective target with binary-coded location identifications on its face. Optical scanners are 
used to read the target and position the shuttle for depositing or retrieving a load. 

Computer Controls and programmable logic controllers are used to determine the 
required location and guide the S/R machine to its deslination. Computer control pennits 
the physical operation of the AS/RS to be integrated with the supporting information and 
record-keepingsystem.Storage transactionscan beentered in real-time,inventory records 
can be accurately maintained, system performance can be monitored, and Communications 
can be facilitated with other factory computer systems.These automatic Controls can be su- 
perseded or supplemented by manual Controls when required under emergency conditions 
or for man-on-board operation of the machine. 


11.4.2 Carousel Storage Systems 

A carousel storage system consists of a series of bins or baskets suspended from an over- 
head Chain conveyor that revolves around a long oval rail system, as depicted in Figure 
11.6. The purpose of the Chain conveyor is to position bins at a load/unload station at the 
end of the oval. The operation is similar to the powered overhead rack system used by dry 
deaners to deliver finished garments to the front of the store. Most carousels are operat- 
ed by a human worker located at the load/unload station. The worker activales the pow¬ 
ered carousel to deliver a desired bin to the station. One or more parts are removed from 
or added to the bin, and then the cycle is repeated. Some carousels are automated by using 
transfer mechanisms at the load/unload station to move loads inlo and from the carousel. 

Carousel Technology. Carousels can be classified as horizontal or vcrtical.The 
more common horizontal configuration. as in Figure 11.6, comes in a variety of sizes, rang- 
ing between 3 m (10 ft) and 30 m (100 ft) in length. Carousels at the upper end of the range 
have higher storage density, but the average access cycle time is greater. Accordingly,most 
carousels are 10-16 m (30-50 ft) long to achieve a proper balance between these compet- 
ing factors. 

The structure of a horizontal carousel storage system consists of welded Steel frame- 
work that supports the oval rail system. The carousel can be either an overhead system 
(called a top-driven unit) or a floor-mounted system (called a bottom-driven unit). In the 
top-driven unit. a molorized pulley system is mounted at the top of the framework and 
drives an overhead trolley system.The bins are suspended from the trolleys. In the bottom- 
driven unit, the pulley drive system is mounted at the base of the frame, and the trolley sys¬ 
tem rides on a rail in the base.This provides more load-carrying capacity for the carousel 
storage system. It also eiiminates the problem of dirt and oil dripping from the overhead 
trolley system in top-driven systems. 

The design of the individuaJ bins and baskets of the carousel must be consistent wtth 
the loads to be stored. Bin widths range from about 50 to 75 cm (20 to 30 in), and depths 
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Figure 11.6 A horizontal storage carousel. 


are up to about 55 cm (22 in). Heights of horizontal carousels are typically 1.8-2.4 m (6-8 ft). 
Standard bins are made of Steel wire to increase operator visibility. 

Vertical carousels are constructed to operate around a vertical conveyor loop.They 
occupy much less floor Space than the horizontal configuration, but require sufficient over- 
head space. The ceiling of Ihe buildiug limits the lieight of vertical carousels, and there- 
fore their storage capacity is typically lower than for the average horizontal carousel. 

Controls for carousel storage systems range from manual call Controls to computer 
control. Manual Controls include foot pedals, hånd switches, and specialized keyboards 
Foot pedal control allows the operator at the pick station to rotate the carousel in either 
direction to the desired bin position. Hånd control involves use of a hand-operated switch 
that is mounted on an arm projecting from the carousel frame within easy reach of the op¬ 
erator. Again, bidirectional control is the usual mode of operation. Keyboard control per- 
mits a greater variety of control features than the previous control types The operator can 
enter the desired bin position, and the carousel is programmed to determine the shortest 
route to deliver the bin to the pick station. 

Computer control increases opportunities for automation of the mechanical carousel 
and for management of the inventoiy records. On the mechanical side, automatic loading 
and unloading is available on modem carousel storage systems This allows the carousel to 
be interfaced with automated handling systems without the need for human participation 
in the load/unload operations Data management features provided by computer control 
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include the capability to maintain data on bin locations, items in each bin, and other in- 
ventory control records. 

Carousel Applications. Carousel storage systems provide a relatively high through- 
put and are often an attractive alternative to a miniload AS/RS in manufacturing opera¬ 
tions where its relatively low cost, versatility, and high reliability are recognized. Typical 
applications of carousel storage systems include: (1) storage and retrieval operations, 
(2) transport and accumulation, (3) work-in-process, and (4) unique applications. 

Storage and retrieval operations can be efficiently accomplished using carousels when 
individual items must be selected from groups of items in storage. Sometimes called“pick 
and load” operations, this kind of procedure is conimon in order-picking of tools in a tool- 
roorn. caw materials in a stockroom, service parts or other items in a Wholesale firm, and 
work-in-process in a faciory. In small electronics assembly, carousels are used for kitting of 
parts to be transported to assembly workstations. 

In transport and accumulation applications, the carousel is used to transport and/or 
sort materials as they are stored. One example of this is in progressive assembly opera¬ 
tions where the vioikstations are located around the periphery of a continuously moving 
carousel, and the workers have access to the individual storage bins of the carousel. They 
remove work from the bins to complete their own respective assembly tasks, then place their 
work into another bin for the next operation at sorae other workstation. Another example 
of transport and accumulation applications is sorting and consolidation of items. Each bin 
is defined for collecting the items of a particular type or customer. When the bin is fult, the 
collected load is removed for shipment or other disposition. 

Carousel storage systems often compete with automated storage and retrieval systems 
for applications where work-in-process is to be temporarily stored. Applications of carousel 
systems in the electronics industry are common. Unique applications involve specialized uses 
of carousel systems. Examples include: electrical testing of components, where the carousel 
is used to store the item during testing for a specified period of time: and drawer or cabi- 
net storage, in which standard drawer-type cabinets are mounted on the carousel. 


11.5 ENGINEERING ANALYSIS OF STORAGE SYSTEMS 

Several aspects of the design and operation of a storage system are susceptible to quanti- 
tative engineering analysis. In this section, we examine capacity sizing and throughput per- 
formance for the two types of automated storage systems. 

11.5.1 Automated Storage/Retrieval Systems 

While the methods deveioped here are specifically for an automated storage/retrieval lys¬ 
tem, similar approaches can be used for analyzing traditional storage facilities, such as 
warehouses consisting of pallet racks and bulk storage. 

Sizing the ASAIS Rack Structure. The total storage capacity of one storage aisle 
depends on how many storage compartments are arranged horizontally and vertically in 
the aislc. as indicated in our diagram in Rgure 11.7. This can be expressed as folJows: 

Capacity per aisle = 2 n,n l 


( 11 . 1 ) 
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Figure 11.7 Top and side views of a unit load AS/RS. with nine stor¬ 
age compartments horizontally (n, = 9) and six compartments ver- 
ticaHy (n, = 6). 


wheren, = number of load compartments along the length of the aisle, and n, « numbcr 
of load compartments that make up the height of the aisle. The constant, 2, accounts for the 
faet that loads are contained on both sides of the aisle. 

If v.e assume a standard size compartment (to accept a standard size unit load), then 
the compartment dimensions facing the aisle must be larger than the unit load dimensions 
Let x and y — ihe depth and widlll dimensions of a unit load (e.g-, a standard pallet size 
as given in Table 9.4), and z = the height of the unit load. The width, length. and height of 
the rack structure of the AS/RS aisle are related to the unit load dimensions and number 
of compartments as follows (6]: 


w = 3(z + a) 

(11.2a) 

L = n,{y + b) 

(11.2b) 

H = n,(z + c) 

(11.2c) 


where W, L, and H are the width. length, and height of one aisle of the AS/RS rack struc¬ 
ture (mm, in); x, y, and z are the dimensions of the unit load (mm, in); and a, b, and c are 
allowances designed into each storage compartment to provide clearance for the unit load 
and to account for the size of the supporting beams in the rack structure (mm, in). Fbr the 
case of unit loads contained on standard pallets, recommended values for the allowances 
[6] are; u = 150mra(6m).6 = 200 mm (8 in), and c = 250 mm (10 in). For an AS/RS with 
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multiple aisles. W is simply multiplied by the number of aisles to obtain the overall width 
of the storage system. The rack structure is built above floor level by 300-600 mm (12-24 in), 
and the length of the AS/RS extends beyond the rack structure to provide Space for the 
P&D station. 

EXAMPLE 11.2 Sizing an AS/RS System 

Each aisle of a four-aisle AS/RS is to contain 60 storage compartments in the 
length direction and 12 compartments vertically. All storage compartments will 
be the same size to accommodate standard size pallets of dimensions: x = 42 in 
and > * 48 in. The height of a unit load z = 36 in. Using the allowances, 
a = 6 in, b = 8 in, and c = 10 in. determine: (a) how many unit loads can be 
stored in the AS/RS, and (b) the width. length, and height of the AS/RS. 
Solution: (a) The storage capacity is given by Eq. (11.1): 

Capacity per aisle = 2(60)(12) = 1440 unit loads. 

With four aisles, the total capacity is: 

AS/RS capacity = 4(1440) = 5760 unit loads 
(b) From Eqs. (11.2), we can compute the dimensions of the storage rack structure: 
W = 3(42 + 6) = 144 in = 12 ft/aisle 
Overall width of the AS/RS = 4(12) » 48 ft 
L = 60(48 + 8) = 3360 in = 280 ft 
H = 12(36 + 10) = 552 in = 46 ft 

AS/RS Throughput. System throughput is defined as the hourly rate of S/R trans- 
actions that the automated storage system can perform (Section 11.1). A transaction in- 
volves depositing a load into storage or retrieving a load from storage. Either one of these 
transactions alone is accoraplished in a single command cycle. A dual command cycle ac- 
complishes both transaction types in one cycle; since this reduces travel time per transac¬ 
tion, throughput is inereased by using dual command cycles. 

Several methods are available to compute AS/RS cycle times to estimate through¬ 
put performance.The method we present is recommended by the Material Handling In- 
stitute [2]. It assumes: (1) randomized storage of loads in the AS/RS (i.e., any 
compartment in the storage aisle is equally likely to be selected for a transaction). 
(2) storage compartments are of equal size, (3) Che P&D station is located at the base and 
end of the aisle, (4) constant horizontal and vertical speeds of the S/R machine, and (5) si- 
multaneous horizontal and vertical travel. For a single command cycle, the load to be 
entered or retrieved is assumed to be located at the center of the rack structure, as in Fig- 
ure ll.8(a).Thus, the S/R machine must travel half the length and half the height of the 
AS/RS, and it must return the same distance.The single command cycle time can there- 
fore be expressed by: 



+ 27V 


(11.3a) 
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Figure 11.8 Assumed travel trajcctory of thc S/R machine for (a) sin¬ 
gle command cycle and (b) dual command cycle. 


where 7\, = cycle time of a single command eyele (min/cycle), L » length of the AS/RS 
rack structure (m, ft), u y = velocity of the S/R machine along the length of the AS/RS 
(m/min. ft/min), H = height of the rack structure (m. ft), v z = velocity of the S/R ma- 
chinc in the vcrtical direction of the AS/RS (m/min, ft/min), and = pickup-and-deposit 
time (min).Two P&D times are rcquired per cycle. representing load transfers to and from 
the S/R machine. 

For a d jal command cycle. the S/R machine is assumed to travel to the center of the 
rack structure to deposit a load, and then it travels lo 3/4 the length and height of the 
AS/RS to retrieve a load. as in Figurc 11.8(b).Thus, the total distance traveled by the S/R 
machine is 3/4 the length and 3/4 the height of the rack structure. and back. In this case, 
cycle time is given by: 


where T tJ = cycle time for a dual command cycle (min/cyclc), and thc other terms are de- 
fined above. 

System throughput depends on the relative numbers of single and dual command cy- 
cles performed by the system. Let R,, = number of single command cycles performed per 
hour. and R a = number of dual command cycles per hoUT at a specified or assumed uti- 
lization level. We can formulate an equation for the amounts of time spent in performing 
single command and dual command cycles each hour: 


R, S T,, + R cd T rJ = 60 U (11.4) 

where V = system utilization during the hour. The right-hand side of the equation gives 
the total number of minutes of operation per hour. To solve Eq. (11.4), the relative pro¬ 
portions of R cs and R ci must be determined, or assumptions about these proportions must 
bc made.Then the total hourly cycle rate is given by 


(11-5) 

where R, = total S/R cycle rate (cycles/hr). Note that the total number of storage and re- 
trieval transactions per hour will be greater than this value unless R cd = 0, since there are 
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two transactions accomplished in each dual command cycle. Let R, - the total number of 
transactions perfonned per hour: then 

R, - R, s + 2R a (H-6) 

EXAMPLE llJ AS/KS Throughput Analysis 

Consider the AS/RS from previous Example 11.2. in which an S/R machine is 
used for each aisle. The length of the storage aisle = 2S0 ft and its height = 46 ft. 
Supposc horizontal and vertical speeds of the S/R machine are 200 ft/min and 
75 ft/min. rcspectively.The S/R machine requires 20 sec to accomplish a P&D 
operation. Find: (a) the single command and dual command cycle times per 
aisle. and (b) throughput per aisle under the assumptions that storage system 
utilization = 90% and the number of single command and dual command Gy¬ 
des are cqual. 

Solution: fa) We first compute the single and dual command cvcle times by Eqs, (11.3): 
T„ = Max {280/200.46.775} + 2(20/60) = 2.066 min/cycle 
T cj = Max{1.5 x 280/200,1.5 x 46/75} + 4{20/60) = 3.432 min/cycle 
(b) From Eq. (11.4). we c an ostablish the single command and dual command 
activiiy levels each hour as follows: 

2.066 /?,, f 3.432 R cd = 60(0.90) = 54.0 min 
According lo the problem statement, the number of single command cycles is 
equal to the number of dual command cycles. Thus, R ct = R [ri . 

Substituting this relation into the above cquation, we have 
2.066 R : , + 3.432 R e1 = 54 
5.498 R,, = 54 

R e , = 9.822 single command cycles/hr 
R, d = /?,, = 9.822 dual command cycles/hr 
System throughput = the total number of S/R transactions per hour from 
Eq. (11.6): 

R , = /?,, + 2R, d - 29.46 transactions/hr 
With four aisle, R, for the AS/RS — 117.84 trans actions/hr 


EXAMPLE 11.4 AS/RS Throughput (Jsing a Class-Based Dedicated Storage Strategy 

The aisles in the AS/RS of the previous example will be organized following a 
class-based dedicated storage strategy. There will be two classes. according to 
activiiy level.The more-active stock is stored in the half of the rack system that 
is located closest to the input/output station, and the less-active stock is stored 
in the other half of the rack system farther away from the input/output station. 
Within each half of the rack system, random storage is used. The more-active 
stock accounts for 75% of the transactions, and the iess-active stock accounts for 
the remaining 25%. As before. assume that system utilization = 90%, and the 
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number of single command cycles = the number of dual command cycles. De- 
termine thc throughput of the AS/RS, basing the computation of cycle times 
on the same kinds of assumptions used in the MHI method. 

Solution: With a total length of 280 ft, each half of the rack system will be 140 ft long and 
46 ft high. Let us identify the stock nearest the input/output station (account- 
ing tor 75% of the transactions) as Class A, and the other half of the stock (ac- 
counting for 25% of the transactions) as Class B.The cycle times are computed 
as follows: 

For Class A stock: 


{ 140 461 

200'75j + 2 (°- 333 ) " 

r *- * + "f 0 - 333 ) ” 2382 

For Class B stock: 


T„„ = 2 Max | 
T dc3 = 2 Max' 


140 + 0.5(140 ) 0.5(46)1 
200 75 J + 

140 + 0.75(140) 0.75(46)] 

. 200 1 75 / 


2(0.333) = 2.766 min 
+ 4(0.333) = 3.782 min 


Consistent with the previous problem, let us conclude that 


R r , A = R cdÅ and R r , e = R cda (a) 

We are also given that 75% of the transactions are Class 1 and 25% are Class 2. 
Accordingly, 


R c , a = 3 R" B and R (iA = 3R ldE (b) 

We can establish the following equation for how each aisle spends its time 
during 1 hr: 


R',aT* a + RchaTca » R„„T c , b + li rdB T cdB = 60(.90) 
Based on Eqs. (a), 

RciaT',a + R clA T cdA + R csB T c , b + R cjB T cdB = 60(.90) 
Based on Eqs. (b), 


3 R :sB T ttA + 3 R c , B T <dA + R csB T c , B + R uB T cdB - 60(.90) 
3(1.366) R csB + 3(2382) R llB + 2.766 + 3.782 R ctB = 54 

17.792 R csB = 54 


R esB = 3.035 
R c ,a = 3 R csB = 9.105 
R ldS = R„b = 3.035 
R ldA = 3 R cdB = 9.105 
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For one aisle, 

R, = R ciA + R c> „ + 2{R edA + R edB ) 

= 9.105 + 3.035 + 2(9.105 + 3.035) = 36.42 transactions/hr 

For four aisles, R, = 145.68 transactions/hr 

This represents almost a 24% imprnvement over the randomized storage 
strategy in Example 11.3. 


11.S.2 Carousel Storage Systems 

Let us develop the corresponding capacity and throughput relationships for a carousel 
storage system. Because of its construction.carousel systems do not possess nearly the vol- 
umetric capacity of an AS/RS. Howevcr, according to our calculations, a typical carousel 
system is likely to have higher throughput rates than an AS/RS. 

Storage Capacity. The size and capacity of a carousel can be determined with ref¬ 
erence to Figure 11.9. Individual bins or baskets arc suspended from carriers that revolve 
around the carousel oval rail.The circumference of the rail is given by 

C = 2(L - W) + kW (11.7) 

where C = circumference of oval conveyor track (m, ft), and L and W are the length and 
width of the track oval (m. ft). 

The capacity of the carousel system depends on the number and size of the bins (or 
baskets) in the system. Assuming standard size bins each of a certain volumetric capacity, 
then the number of bins can be used as our measure of capacity. As illustrated in Figure 11.9, 
the number of bins hanging verlically from each carrier is n ft ,and n c = the number of car¬ 
riers around the periphery of the rail.Thus, 

Total number of bins = n e n b (11.8) 
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Rgure 11.9 Top and side views of horizontal storage carousel with 
18 carriers (n c = 18) and 4 bins/carrier (n b - 4). 
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The carriers are separated by a certain distance to maximize storage density yet avoid 
the suspended bins interfering witb each othei while traveling around the ends of the 
carousel. Let = the center-to-center spacing of carriers along the oval track. Then the fol- 
lowing relationship must be satisfied by the values of s c and n c : 

s c n c =C (11.9) 

where C = circumference (m, ft), s, = carrier spacing (m/carrier, ft/carrier), and 
n e = numbcr of carriers, which must be an integer value. 

Throughput Analysis. The storage/retrieval cycle time can be derived based on the 
foilowing assumptions. First, only single command cycles are performed; a bin is accessed 
in the carousel cither to put items into storage or to retrieve one or more items from stor¬ 
age. Second. the carousel operates with a constant speed v c \ acceleration and deceleration 
effeets are ignored. Third, random storage is assumed; that is, any location around the 
carousel isequally likely to be selected for an S/R transaction. And fourth, the carousel can 
move in either direction. Under this last assumption of bidirectional travel, it can be shown 
that the mean travel distance between the load/untoad station and a bin randomly locat- 
ed in the carousel is C/4. Thus. the S/R cycle time is given by 



where T t = S/R cycle time (min), C = carousel circumference as given by Eq. (11.7) (m,ft), 
v c = carousel velocity (m/min. ft/min), and = the average timerequired to pick orde- 
posit items each cycle by the operator at the load/unload station (min). The number of 
transactions accomplished per hour is the same as the number of cycles and is given by 
the foilowing: 


(ii.il) 

EXAMPLE 11.5 Carousel Operation 

The oval rail of a carousel storage system has length = 12 m and width - lm. 
There are 75 carriers equally spaced around the oval. Suspended from each 
canier are six bins. Each bin has volumetric capacity = 0.026 m 3 . Carousel 
speed = 20 m/min. Average P&D time for a retrieval = 20 sec. Determine: 

(a) volumetric capacity of the storage system and (b) hourly retrieval rate of the 
storage system. 

Solution: (a) Total number of bins in the carousel is 

n c n„ = 75 x 6 = 450 bins 
Total volumetric capacity = 450(0.026) = 11.7 m 3 

(b) The circumference of the carousel rail is determined by Eq. (11.7): 

C = 2(12 — 1) + lrr = 25.14 m 
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Cycle time per retrieval is given by Eq. (11.10): 

25 14 

= + 10 / 6 O = 0.647 min 

4(20) 

Expressing throughput as an hourly rate. we have 

K, = 60/0.647 - 92.7 retrieval transactions/hr 
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PROBLEMS 

SIZING THE AS/RS RACK STRL'CTURE 

Sizing the AS/RS Rack Structure 

11.1 Each aisle of a six-aisle Automated Storage/Retrieval System is to contain 50 storage com- 
pariiticnts in the length direction and eight compartments in the vertical direction. All stor¬ 
age compartments will be the same size to accommodate standard size pallets of dimensions: 
x = 36 in and y = 48 in.The height of a unit load z = 30 in. Using the allowances a = 6in, 
b = 8 in. and c = I0in.determine.(a)howmany unit loadscanbe stored in the AS/RS and 
(b) the width, length. and height of the AS/RS The rack structure will be buiit 18 in above 
floor level. 

11.2 A unit load AS/RS is being designed to store 1000 pallet loads in a distribution center located 
uext to the factory. Pallet dimensions are: x = 1000 mm, y - 1200 mm, and the maximum 
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height of a unii load = 1300 mm-The following is specified: (I) The AS/RS will con si si of 
two aisles with one S/R madune per aisle, {2) length of the siruciure should be approxi- 
matdyfivctimesiisheight.and (3) the rack slructure will be built 500 mm above fluor level. 
Using :hc allowances a = 150 mm. h = 200 mm. and c -*■ 250 mm, deternune ihe widlh. 
length.and height of tbe AS/RS rack siruciure. 

11.3 Ynuare given ihe rack slructure dimensions computed in Problem 11.2. Assuming thatonly 
80-/1 of Ihe storage compartments are occupied on average. and thai the average volume of 
a unit load per pallet in storage = 0.75 m\ compute the ratio of ihe total volume of unit 
loads io storage relative to ihe total volume occupied by the storage rack slructure. 

114 A unit load AS/RS for work-in-proccss storage in a factory must be designed to store 2000 
pallet loads. with an aliowance of no less than 20% additional storage compartments for 
peak periodsand flcxibiliiy.The unit load pallet dimensions are: depth {*) » 36 in and widlh 
(y) = 48 in. Maximum height of a unit load = 42 in, II has been determined ihai ihe AS/RS 
wiil consist of four aisles with one S/R machine per aisle. The maximum ceiling height (in- 
lerior) of the budding permitted by local ordinance is 60 ft, so the AS/RS must tit within 
this height limitation.The rack structurc will be built 2 fl above floor level, anJ Ihe elearance 
between the rack slructure and the ceiling of the huilding must be at leasi 18 in. Dctcrmme 
the dimensions (height, length, and width) of the rack structure. 


AS/RS Throughput Analysis 

11.5 The length of the storage aisle in an AS/RS = 240 ft and its height = 60 fl. Suppose hori- 
zontal and vcrtical speeds of the S/R machine are 300 ft/min and 60 ft/min, respectively.The 
S/R machine requires 18 sec to accomplish a pick-and-deposit operation. Find: (a) the sin¬ 
gle command and dual command eyde times per aislc and (b) throughput for the aisle under 
Ihe assumptions that storage system utilization = 85% and the numbers of single command 
and dual command cycles arc equal. 

11.6 Solve Problem 11.5 except thal ihe ratio of single command lo dual command cycles is 3:1 
instead of 1:1. 

1L7 An AS/RS is used for work -in-proccss storage in a manufacturing facility.The AS/RS has fivc 
aisles, each aisle being 120 ft long and 40 ft high. The horizontal and vertical speeds of ihe 
S/R machine are 400ft/min and 50 ft/min. respectively.The S/R machine requires 21 sec lo 
accomplish a pick-and-dcposil operation. The number of single command cycles equais Ihe 
number of dual command cycles. 11 ihe requirement is thal Ihe AS/RS must have u Ihrough- 
pul rate of 200 S/R transactions/hr during periods of peak activily. will the AS/RS satisfy 
this requirement? 1f so, what is Ihe utilization of the AS/RS during peak hours? 

1L8 An automated storage/relrieval system installed in a warehouse has five aisles. The storage 
racks in each aisle are 30 fl high and 150 fl long. The S/R machine for each aisle travels at a 
horizontal speed of 350 ft/min and a vertical speed of 60 fi/min. The pick-and-deposit 
lime = 0.35 mm. Assume that the number of single command cycles per hour is equal lo Ihe 
number of dual command cycles per hour and that the system operates at 75% utilizaliun. 
Deiermine the throughput rate (loads moved per hour) of the AS/RS. 

11.9 A 10-aisle automaled storage/retrieval system is located in an integrated factory-warehouse 
facility.The storage racks in each aisle are 18 m high and 95 m long.The S/R machine for 
each aisle travels at a horizontal speed of 1.5 m/sec and a vertical speed of 0.5 m/sec. Pick- 
and-deposit time = 20 sec. Assume thal the number of single command cycles per hour is 
one-half the number of dual command cycles per hour and that the system operales at 80% 
ulilization. Determine the throughput rate (loads moved per hour) of the AS/RS. 

11.10 An automated storage/retrieval system for work-in-process has five aisles.The storage racks 
in each aisle are 10 m high and 50 m long. The S/R machine for each aislo travels at a hori¬ 
zontal speed of 2.0 m/sec and a vertical speed of 0.4 m/sec. Pick-and-deposit time - 15 sec. 
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Assume that the number of single command cycles per hour is equal to three times the num- 
be: of dual command cycles per hour and that the system operates at 90% utilization. Dc- 
tenrnne the throughput rate (loads moved per hour) of the AS/RS. 

11.11 The length of one aisle in an AS/RS is llX) m and its height is 20 m. Horizontal travel speed 
is 2.0 m/sec. The vertical speed is spccified so that the storage system is "square in time/' 
which means that Ljv Y = H/tf ,-The pick-and-deposit time is 15 sec. Determine the cx- 
pected throughput rate (trar.saclions per hour) for the aisle if the expected ratio of ihc 
number of transactions performed under single command cycles to the number of transac- 
tions performed under dual command cycles is 2:1. The system operates continuously dur¬ 
ing the hour. 

11.12 An automated storage/relrieval system has four aisles.The storage racks in each aisle are 40 ft 
high and 200 ft long. The SIR machine for each aisle travels at a horizontal speed of 
400 fl/min and a vertical speed of 60 ft/min. If the pick-and-deposit time = 0.3 mm, deter- 
minc the throughput rate (loads moved per hour) of the AS/RS. under the assumption that 
time spent each hour performing single command cycles is twice the time spent performing 
dual command cycles and that the AS/RS operates at 90% utilization. 

11.13 An AS/RS with one aisle is 300 fl long and 60 ft high. The S/R machine has a maximum 
speed of 300 ft/min in the horizontal direction.lt acceleratesfrom 0 to300 ft/min in a dis¬ 
tance of 15 ft. On approaching its target position (where the S/R machine will transfer a 
load onto or off of ils platform), it dcceleratcs from 300 ft/min to a full stop in 15 ft.The max¬ 
imum vertical speed is 00 fi/miu. and ihc acceleration and deceleraiion distances are each 
3 ft. Assume simultancous horizontal and vertical movement and that the rates of acceler¬ 
ation and decelcration are constanl in both directions.The pick-and-deposit time = 0.3 min. 
Using the general approach of the MHI method for computing cycle time but adding con- 
siderations of acceleration and deceleraiion. determine the single command and dual com¬ 
mand cycle times. 

11.14 An AS/RS with four aisles is 80 m long and 18 m high. The S/R machine has a maximum 
speed of 1.6 m/scc in the horizontal direction.lt accelerates from 0 to 1.6m/sec in a distance 
of 2.0 m. On approaching its target position (where the S/R machine will transfer a load 
onto or off of its platform), it dccelerates from 1.6 m/sec to a full stop in 2.0 m. The maxi¬ 
mum vertical speed is 0.5 m/sec. and the acceleration and deceleraiion distances are each 
0.3 m. Rates of acceleration and deceleraiion are constant in both dircctions. Pick-and-dc- 
posit lime “ 12 sec. Utilization of the AS/RS is assumed to be 90% . and the number of dual 
command cycles equals the number of single command cycles (a) Calculatc the single com¬ 
mand ar.d dual command eyde times, includmg consideraiions for »ci-olernrinn »nri rierrl- 
eration. (b) Determine the throughput rate for the system. 

11.15 Ycur company is seeking proposals for an automated storage/retricval system that will have 
a throughput rate of 300 storage/relrieval transactions/hr dunng the one 8-hr shift/day.The 
request for proposals indicatcs that the number of single command cycles is expected tobe 
four limes the number of dual command cycles. The first pr opmål received is from a ven- 
dor who spccifies the following: ten aisles, each aisle 150 ft long and 50 ft high: horizontal and 
vertical speeds of the S/R machine = 200 ft/min and 66.67 ft/rain.respeclively; and pick-and- 
deposit time = 03 min. As the responsible engineerforthe projcct.you must analyze the 
proposal and make recommendations accordingly. One of the difficulties you see in the pro¬ 
posed AS/RS is the large number of S/R machines that would he required—one for each of 
the ten aisles. This makes the proposed system very expensive. Your recommendaiion is to 
reduce the number of aisles from ten to six and to select an S/R machine with horizontal and 
vertical speeds of 300 ft/min and 100 ft/min. respectively. Although each high-speed S'R 
machine is shghlly more expensive than ihe slower model, reducing the number of machines 
from ten lo six will significantly reduce total cosl. Also, fewer aislcs will rcducc the cost of 
the rack structure.evcn though each aisle will be some what larger. since total storage capacity 
musi remain the samc.The problem is that throughput rate will be ad verse ly affeeted. (a) De- 




lermine the throughput rate of ihe proposed ten-aisle AS/RS and calculate its utilization 
relative to the specified 300 transactions/hr. (b) Deterroine the length atid height of a six-aisle 
AS/RS whose storage capacitv would be the same as the proposed ten-aisle system, (c) De- 
terminc the throughput rate of the six-aislc AS/RS and calculate its utilization relative to the 
specified 300 transactions/hr. (d) Given the dilemma now confronting you. what other al¬ 
ternatives would you analy/e.and what recommendanons would you make to improve the 
design of the system? 

11.16 A unit load automated storage/retrieval system has five aisles.flie storage racks are 60 ft high 
and 280 ft long.The S'R machine travels at a horizontal speed of 200 ft/min and a vertical 
speed of 80 ft/min.Thc pick-and-deposit time = 0.30 min. Assume that the number of sin¬ 
gle command cyclcs per hour is four times the number of dual command cycles per hour 
and that the system operates at 80% utilization. A dedicated storage schcmc is used for or- 
ganizing the stock, in which unit loads are sepaiated into two classes, according to activity 
level. The more-aclive stock is siored in the half of the rack system located closest to the 
input/output station, and the less-active stock is stored in the other half of the rack system 
(farther away from the input/output station). Within each half of the rack system, random 
storage is used.The morc-active stock accounts foj 75% of the transactions, and the less-ac¬ 
tive stock accounts for the remaining 25% of the transactions. Determine the throughput 
rate (loads moved per hour into and out of storage) of the AS/RS, basing your compulation 
of cyde times on the same types of assumptkins used in the MH1 method. Assume thai when 
dual command cyclcs arc performed, the 2 transactions/cycle are both in the same class. 

11.17 The AS/RS aisle of Problem 11.5 will bc organized following a class-based dedicated stor¬ 
age stratcgy.There will be two classes. according to activity level. The more-active stock is 
stored in the half of the rack system that is located closest to the input/output station, and 
the less-active stock is stored in the other half of the rack system, farther away from the 
input/output station. Within each half uf the rack system, random storage is used. The morc- 
active stock accounts for 80% of the transactions, and the less-active stock accounts for the 
remaining 20%. Assume that system utilization is 85% and the number of single command 
cycles equals the number of dual command cycles in each half of the AS/RS. (a) Determine 
the throughput of the AS/RS. basing the computation of cycle times on the same kinds of as- 
suinptions used in the MHI method. (b) A class-based dedicated storage strategy is sup- 
posed to inerease throughput. Why is throughput less here than in Problem 11.5? 

Carousel Storage Systems 

11.18 A single ca rou.se 1 storage system Is located in a factoty making small assemblies. It is 20 m 
long and 1.0 m wide.The pick-and-deposit time is 0.25 min. The speed at which the carousel 
operates is 0.5 m/sec. The storage system has a 90% utilization. Determine the hourly 
throughput rate. 

1L19 A storage system serving an electronics assembly plant has three storage carousels, each 
with its own manually operated pick-and-deposit station. The pick-and-deposit time is 
0 JO min. Each carousel is 60 ft long and 2.5 ft wide. The speed at which the system revolves 
is 85 ft/min. Determine the throughput rate of the storage system, 

11-20 A single carousel storage system has an oval rail loop that is 30 ft long and 3 ft wide. Sixty 
carrtcrs are equally Spaced around the oval. Suspended from each carricr are five bins. Each 
bin has a volumetric capacity = 0.75 ft 3 . Carousel speed = 100 ft/min. Average pick-and-dc- 
posit time for a retrieva) = 20 sec. Determine: (a) volumetric capacity of the storage system 
and (b) hourly retrieval rate of the storage system. 

11.21 A carousel storage system is to be designed to serve a mechanica! assembly plant .The spec- 
ifications on the system are that it must have a total of 400 storage bins and a throughput of 
at least 125 S/R transactions/hr. Two alternative eonfigurations are being considered: (1) a 
one-carousel system and (2) a two-carousel system. In both cases, the width of the carousel 
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is tobe 4.0 ft and the spacing between carriers = 2.5 ft. One picker-operator will be required 
for the one-carousel system and two picker-operators will be required for the two-carousel 
system. In eilher system v c = 75 ft/min. For the eonvenience of the picker-operator, the 
height of the carousel wjll be limited to five bins. The standard time for a pick-and-deposit 
operation at the load/unload station - 0.4 min if one part is picked or stored per bin and 
0.6 min if more than one part is picked or stored. Assume that 50% of the transaclions will 
tnvdve more than one componeni. Determine: (a) the required length and (b) correspond- 
ing throughput rate of the one-carousel system and (c) the required length and (d) corre- 
sponding throughput rate of the two-carousel system, (e) Which system betler satislies the 
design specifications? 

11.22 Given your answers to Problem 11.21, the costs of both carousel systems are to be com- 
pared.The one-carousel system has an installed cost of $50,000, and the cnmparable cost of 
the two-carousel system is $75,000. Labor cost for a picker-operator is S20/hr, including 
fringe benefits and applicable overhead.The storage systems will be operated 250 day/yr for 
7 hrs/day,although the operators will be paid for 8 hr. Using a 3-yr period in your analysis 
and a 25% rate of return, determine: (a) (he equivalent annual cost for the two design al¬ 
ternatives. assuming no salvage value at the end of 3 yr; and (b) the average cost per stor- 
age/retrieval transaction. 
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The term automalk data capture (ADC), also known as automatic Identification and data 
capture (AlDC), refers to the tcchnologies that provide direct entry of data into a computer 
or other microprocessor controlled system without using a keyboard. Many of these tcch¬ 
nologies require no human involvement in the data capture and entry process, Automatic 
identification systems are being used increasingly to coilect data in material handling and 
manufacturing applications. In material handling, the applications include shipping and re- 
ceiving, storage, sonation, order picking. and kitting of parts for assembly. In manufactur¬ 
ing, the applications include raonitoring the status of order processing, work-in-process, 
machine utilization. worker attendancc, and other mcasures of factory operations and per- 
formance. Of course, ADC has many important applications outside the factory, including 
retail sales and inventory control. warehousing and distribution center operations, mail 
and parcel handling, patient identification in hospitals, check processing in banks, and 
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security systems. Our inlerest in this chapter emphasizes material handling and manufac¬ 
turing appiications. 

The alternative to automatic data capture is manual collection and entry of data. This 
typically involves recording the data on paper and later entering them into the computer 
by means of a keyboard. There are several drawbacks to this method: 

1. Errors occur in both data collection and keyboard entry of the data when accom- 
phshed manually. The average error rate of manual keyboard entry is one error per 
300 characters. 

2. Time factor. When manual methods are used. there is a time delay between when the 
activities and events occur and when the data on status are entered into the com¬ 
puter. In addition, manual methods are themselves inherently more time consuming 
than automated methods. 

3. Labor co.it. The full-time attention of human workers is required in manual data col¬ 
lection and entry, with the associated labor cost. 

These drawbacks are virtually eliminated when automatic Identification and data capture 
are used. With ADC, the data on activities, events, and conditions are aequired at the lo¬ 
cation and time of their occurrence and entered into the computer immediateiy or short- 
ly thereafter. 

Automatic data capture is often associated with the material handling industry.The 
ADC industry trade association, the Automatic Identification Manufacturers Association 
(AIM), started as an affiliate of the Malerial Handling Institute, Inc. Many of the appiica¬ 
tions of this technology relate to material handling. But automatic identification and data 
capture has also become a technology of growing importance in shop floor control in man¬ 
ufacturing plants (Chapter 26). In the present chapter, we examine the important ADC 
technologies as related to manufacturing. 


12.1 OVERVIEW OF AUTOMATIC IDENTIFICATION METHODS 

Nearly all of the automatic identification technologies consist of three principal componenta 
which also comprisc the sequential steps in ADC [7]: 

1. Encoded data. A code is a set of symbols or signals (usually) reprcscnling alphanu- 
meric characters. When data are encoded, the characters are translated into a ma- 
chine-readable code. (For most ADC techniques, the encoded data are not readable 
by humans.) A label or tag containing the encoded data is altached to the item that 
is to be later identified. 

2. Machine reader or scanner. This device reads the encoded data, converting them to 
alternative form, usually an electrical analog signal. 

3. Decøder.This component transforms the electrical signal into digital data and final¬ 
ly back into the original alphanumeric characters. 

Many different technologies arc used to implement automated identification and 
data collection. Within the category of bar codes alone (bar codes are the leading Al ’C lech - 
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nology), more Ihan 250 difi’erent bar code schemes have been devised. ADC technologies 
can be divided into the fol lo wing si x categories (19): 

1. Optical. Most of thesc technologies use high-contrast graphical symbols that can be 
interpreted by an optical scanner. They indude linear (one-dimensional) and two- 
dimcnsional bar codes. optical character recognition, and machine vision. 

2. Magnetic, which encode data magnetically, similar to recording tape. The two im- 
portant techniques in this category are (a) magnetic stripe, widely used in plastic 
crcdit cards and bank access cards, and (b) magnetic ink character recognition. wide¬ 
ly used in the banking industry for check processing. 

3. Electromagnetic. The important ADC technology in this group is radio frequency 
identification (RFID). 

4. Smart curd .This term refers to small plastic cards (the size of a credit card) imbed- 
ded with microchips capable of containing large amounts of information. Other terms 
used for this technology include chip card and integrated Circuit card. 

5. Touch techniques, such as touch screens and button memory. 

6. Diometric. Thcsc technologies are utilized to identify humans or to interpret vocal 
commands of humans. They include voice recognition, fingerprint analysis.and reti¬ 
na! eye scans. 

Not all of these techniques are used in factory operations. According to a survey of indus¬ 
try users conducted by Modern Material Handling magazine and the industry trade asso¬ 
ciation ATM USA, the most widely used ADC methods in the factory (in approximatc 
descending order of applicalion frequency al lime of writing) are [2]: (1) bar codes, by far 
the most widely used, (2) radio frequency methods, (3) magnetic stripe, (4) optical charac¬ 
ter recognition, and (5) machine vision. Bar codes include two basic forms: one-dimen¬ 
sional or linear bar codes and two-dimensional. At time of writing, the linear codes are 
mueh more widely used, although two-dimensional codes are being adopted by certain in- 
dustries that require high data density in a relatively small area. We discuss both types of 
bar code technologies in Section 12.2 and the other methods in Section 12.3.The features 
of these techniques are compared in Table 12. L. 

According to the same industry survey [2]. the most common applications of ADC 
technologies (in approximate descending order of application frequency) are: (1) receiv- 
ing, (2) shipping, (3) order picking, (4) finished goods storage, (5) manufacturing process¬ 
ing, (6) work-in-process slorage, (7) assembly, and (8) sortation, 

Some of the automated identification applications require workers to be invofved in 
the daia col leetion procedure, usually to operate the identification equipment in the ap- 
plication.Thcse techniques are therefore semiautomated rather than automated methods. 
Other applications accomplish the identification with no human participation. The same 
basic sensor technologies may be used in both cases. For example, certain types of bar code 
readers are operated by humans, whereas other types operate automatically. 

As indicated in our chapter introduction. there are good reasons for using automat- 
ic identification and data collection techniques: (1) data accuracy, (2) timeliness, and (3) 
labor reduction. First and foremost, the accuracy of the data collected is improved with 
ADC, in many cases by a significant margin. The error rate in bar code technology is ap- 
proximatelv 10,000 times lower than in manual keyboard data entry. The error rates of 
most of the other technologies are not as good as for bar codes but are still betler than 
manual-based methods. The second reason for using automatic identification techniques 
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TABLE 12.1 Comparison of ADC Techniques ard Manual Keyboard Data Entry 


Technique 

Time to Enter* 

Error Rate** 

Equipment Cost 

Advantages/tDisadvantages) 

Manual entry 

Siow 

High 

Low 

Low initial COSt 

Requires human operator 
(Stow speed) 

(High error rate) 

Bar codas: 1-0 

Medium 

Low 

Low 

High speed 

Good flexibility 
(Low data density) 

Bar codas: 2-D 

Medium 

Low 

High 

High speed 

High data density 
(High equipment cost} 

Radio frequency 

Faet 

Low 

High 

Label need not be visible 
(Expensive labeling) 

Magnetic stripe 

Medium 


Medium 

Much data can be encoded 

Data can be changed 
(Vulnerable to magnetic fields) 
(Contact required for reading) 

OCR 

Medium 

Medium 

Medium 

Can be read by hu mans 
(Low dele density) 

(High error rate) 

Machine vision 

applications 

Fast 


Very high 

Equipment expensive 
(Not suited to general) ADC 


Sourcv. Bosod on data from (131. 

•Timo to arner data is bssod on a 20-cbarocter field. All techniques except machine vision usa s human to aither enter the data (manua 
entry) or to operate the ADC equlpmem (bsr codas, RFIO, magnat »c stripe, OCR). Key S lov. = S-10 sec. Medium - 2-S soc, Fest • < 2 sec. 

•* Substitution error rats (SER); see definition iSaction 12.1). 

•••Application dependant. 

is to reduce the time required by human workers to make the data entry.The speed of data 
entry for handwritten documents is approximately 5-7 characters'sec and it is 10-15 char- 
acters/sec (atbest) for keyboard entry [15], Automatic identification methods are capable 
of reading hundreds of characters per second.This comparison is certainly not the whole 
story in a data cullection transaction, but the time savings in using automatic identification 
techniques can mean substantial labor cost benefits for large plants with many workers. 

Although the error rate in automatic identification and data collection technologies 
is much lower than for manual data collection and entry, errors do occur in ADC.The in- 
dustry has adopted two parameters to measure the errors: 

1. Fint Read Rate (FRR).This is tbe probability of a successful (corrcct) reading by the 
scanner in its initial attempt. 

2. Substitution Error Rate (SER).This is the probability or frequency with which the 
scanner incorrectly reads the encoded character as some other character. In a given 
set of encoded data containing n characters. the expected number of errors = SER 
multiplied by n. 

Obviously, it is desirabie for the ADC system to possess a high first read rate and a low sub¬ 
stitution error rate. A subjective comparison of substitution error rates for several ADC 
technologies is presented in Table 12.1. 
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12.2 BAR CODE TECHNOLOGY 

As indicated earlier. bar codes divide into two basic types: (1) linear, in which the encod- 
ed dala are read nsing a linear sweep of the scanner, and (2) two-dimensional, in which 
the encodcd data must be read in both directions.These two important Optical technolo- 
gies are discussed in this section. 

12.2.1 Linear (One-Dimensional) Bar Codes 

As mentioned previously. linear bar codes are currently the most widely used automatic 
Identification and data collection technique. There are actually two forms of linear bar 
code symbologiesjllustrated in Figure 12.1: (a) width-modulated, in which the symbol con- 
sists of bare and spaces of varying width; and (b) height-modulated, in which the symbol con- 
sists of evenly spaced bars of varying height. The only significant application of the 
hcight-modulated bar code symbologies is in the U.S. Postal Service for ZIP Code identi- 
fication.so our discussion will focus on the width-modulated bar codes, which are used 
widely in retailing and manufacturing. 

In linear width-modulated bar code technology, the symbol consists of a sequence of 
wide and narrow colored bars separated by wide and narrow spaces (the colored bars are 
usually black and the spaces aie whiie foi high conuast).The pattern of bars and spaces is 
coded to represent numeric or alphanumeric characters. Palmer [13] uses the interesting 
analogy that bar codes might be thought of as a printed version of the Morse code, where 
narrow bands represent dots and wide bands represent dashes. Using this scheme, the bar 
code for the familiar SOS distress signal would be as shown in Figure 12,2. The difficulties 
with a "Morse" bar code symbology are that: (1) only the dark bars are used, thus inereas- 
ing the length of the symbol, and (2) the number of bars making up the alphanumeric char¬ 
acters differs, thus making decoding more difficult [13]. 

Bar code readers interpret the code by scanning and decoding the sequence of bars, 
The reader consists of the scanner and decoder. The scanner emits a beam of light that is 
swept past the bar code (either manually or automatically) and senses light reflections to 



ni) (b) 

Figure 12.1 Two forms of linear bar codes: (a) width-modulated, ex- 
empiified here by the Universal Producl Code; and (b) height-mod- 
ulated, exemplified here by Postnet, used by the U.S. Postal Service. 
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Figure 122 The SOS distress signal in “Morse” bar codes. 
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IIIIII 

'hnnjiiinr 

(b) 

Figure 113 Conversion of bar code into a pulse train of electrical sig¬ 
nals: (a) bar code and (b) corresponding electrical signal. 

distinguish between the bars and spaces. The lighi reflections are sensed by a photodetec- 
tor, which converts the spaces into an electrical signal and the bars into absence of an elec¬ 
trical signal. The width of the bars and spaces is indicated by the duration of the 
corresponding signals. The procedure isdepictcd in Figure 12.3.The decoder analyzes the 
pulse train to validate and mterpret the corresponding data. 

Certainly a major reason lor the acceptancc of bar codes is their widespread use in 
grocery markets and other retail stores. In 1973, the grocery industry adopted the Univer¬ 
sal Product Code (UPC) asits standard for item idcntification (Historical Note 12.1).This 
is a 12-digit bar code that uses six digils to identify the manufacturer and ftve digits to iden- 
tify the product. The final digit is a check character The U.S. Department of Defense pro- 
vided another major endorsement in 1982 by adopting a bar code standard (Code 39) that 
must be applied by vendors on product cartons supplied to the various agencies of DOD. 
The UPC is a numerical code (0-9).while Code 39 provides the full set of alphanumeric 
characters plus other symbols (44 characters in all).These two linear bar codes and sever- 
al others are compared in Table 12.2. 


TABLE 12.2 Some Widely Used Linear Bar Codes 


Bar Ciidn 

Data 

Descriplion 

Applications 

UPC* 

1973 

Numeric only, length = 12 
digits 

Widely used in U.S. and Canada grocery and 
other retail stores 

Codabar 

1972 

Only 16 characters: 0-9, 

$,:,/, 

Used in libraries, biood banks, and sdme parcel 
freight applications 

Code 39 

1974 

Alphanumeric. See text for 
descriplion 

Adopted by Dept. of Defense, automotive, and 
other manufacturing industries 

Code 93 

1982 

Similar to Code 39 but higher 
density 

Same applications as Code 39 

Code 128 

1981 

Alphanumeric, but higher 
density 

Substitutes in some Code 39 applications 

Postnet 

1980 

Numeric only** 

U.S. Postal Service code for ZIP code numbers 

Sources. Neisor 

1 [12], Paimei 

r [13]. 



sal Product C 
r standard bi 

[ode, adopted by the grocery industry ir 1973 and based or a symbol developed by IBM Corp. in early grocery 
ir code system was developed forEurope. called the European Article Numbering system (EANI, in 1978. 
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Historical Note 12.1 Barcodes [121, [131. 

The first patent relating to a bar code was issucd to J.T. Kermode in 1934 (U.S. Patenl 1,985,035). 

It used Tour bars lo sort billing arcas for the Cleveland Gas & Electric Co. The har code industry 
began in the 1960s as small worlctng groups in large companies. Some of the early companies 
involved with the technology included IBM. Magnavox, RCA, Sylvania, Bendix,and General 
Electric. What wc believe was the firsi bar code scanning system was a; a Scott Faper Compa- 
ny plant inWisconsin msialled in 1960 by the General Atrornes Division of Magnavox Corp. 
The system was used to identify and divert cartons moving along a conveyor. No laser scan- 
ners were available at that time, and the Atronics system used pholocells respor.ding to lighi 
reflecied from iwo rows of hårs on the cartons. Although the erude syslem worked well, top 
cxcculivcs at Magnavox did not believe that bar code technology had mueh of a future, and so 
in 1971 they sold the division to Al Wurz. who changed the name lo Accu-Sort. 

By the early 1970s, the major companies in the bar code scanning business were Accu- 
Sort, Computer Identics. Identicon, and Bendix Recognition Systems. It is of interest lo note 
how each o( these companies developed. We have already mentioned that Accu-Sort was pur- 
chased from Magnavox. Computer Idenlics and Identicon were started by former employees 
of Sylvania. And Bendix later decided to exit the business, based on the same kinds of per¬ 
ceptions that influenced Magnavox to seil out: There was no profitable future in bar codes. 

In 1972. the companies involved in bar code technology formed the Automatic Identifi¬ 
cation Manufacturers Association (AIM) as a product section in the Malerial Handling Insti- 
tute (the tråde association for material handling companies at that time). In 1983. AIM 
separated from MHI to become an independent trade association. The starting membership 
of AIM in 1972 consisted of ten companies: Accu-Sort, Bendix Recognition. Computer Men¬ 
ties, Control Logic, Electronics Corp. of America (Photoswitch Div.), General Electric, Gould 
(Data Systems Div.). Identicon. Mekontrol. and 3M Company. (At lime of writing. there are 
more than 150 members of AIM.) 

In 1973, the L'niforin Product Code (UPC) was adopted by the grocery industry, which 
had been working for scvcral ycars to implement bar code technology for product identifica- 
tion. inventory control. and automation of the check-out procedure. All producers of over-the- 
countcr goods for the grocery industry weie no» required to bar code their products. Other 
significant events motivating the devclopmcnt of bar code technology included the Department 
of Defense requirement in 1982 that its 33.000 suppliers use bar codes. And about one year later. 
the Automotive Indusiiy Action Group established the requirement that the industry s 16,000 
suppliers mast bar code all of their dehveries. By now. the importance of bar code technology 
had bccomc clcarer to business ledders. 

In 1987, Code 49, the first two-dimensional code. was developed by D. Ailais and intro- 
duced by Intermcc to rcducc the arca of the conventional bar code label and to inerease the 
density of the data contained in the symbol. 

The Bar Code Symbol. The bar code standard adopted by the automotive indus¬ 
try, the Department of Defense, the General Services Administration, and many other man¬ 
ufacturing industries is Code 39, also known as AIM USD-2 (Automatic Identification 
Manufacturers Uniform Symbol Description-2), although this is actually a subset of Code 
39. We describe this format as an example of linear bar code symbols [3], [4], [13]. Code 39 
uses a series of wide and narrow elements (bars and spaces) to represent alphanumeric 
and other characters. The wide elements are equivalent to a binary value of one and the nar¬ 
row elements are cqual to zero. The width of the wide bars and spaces is between two and 
three times the width of the narrow bars and spaces. Whatever the wide-to-narrow ratio, 
the width must be uniform throughout the code for the reader to be able to consistently in- 
terpret the resulting pulse train. Rgurc 12.4 presents the character structure for USD-2, and 
Figure 125 illustrates how the character set might be developed in a typical bar code 
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Bar pallem 9 biis 

Cher. Bar pal lem 9 biis 
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6 
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8 
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E 
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F 
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0 

II II 

' lllll 0,0000,01 

H 

1 1 II ,00l)0,1(l11 

. lllll 110000100 

1 

y | 11 oowonoo 

space| || I I 011000100 

1 

1 Hj| 11 oooomoo 

’ lllll 010010100 


* denotes a Mart/stop eede that must be placed at the begiiming and 
end of every har code message. 


Figure 12,4 Character set in USD-2 bar code.a subset of Code 39 [4], 

The reason for the name Code 39 is that nine elements (bars and spaces) are used in 
each character and three of the elements are wide.The placement of the wide spaces and 
bars in the code is what uniquely designates the character. Each code begins and ends with 
either a wide or narrow bar.The code is sometimes referred to as code three-of-nine. In ad¬ 
dition to the character set in the bar code. there must also be a so-called “quiet zone” both 
preceding and following the bar code, in which there is no printing that might confuse the 
decoder.This quiet zone is shown in Hgure 12.5. 
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Figure 12.5 A typical grouping of characters to form a bar code in 
Code 39. (Reprinted from [4] by permission of Automatic Identifi¬ 
cation Manufacturers, Inc.) 


Bar Code Readers. Bar code readers come in a variety of configurations; some re- 
quire a human to operate them and others are stand-alone automatic units. They are usu- 
ally classified as contact or noncontact readers. Contact bar code readers are hand-held 
wands or light pens operated by moving the tip of the wand quickly past the bar code on 
the object or document. The wand tip must be in contact with the bar code surface or in 
very close proximity during the rcading procedure. In s factory data collcction applica- 
tion, they are usually part of a keyboard entry terminal.The termmal is sometimes referred 
to as a stationary terminal in the sense that it is placed in a fixed location in the shop. When 
a transaction is entered in the factory, the data are usually communicated to the comput¬ 
er system immediately. In addition to their use in factory data collection systems, station¬ 
ary contact bar code readers are widely used in retail stores to enter the item identification 
in a sales transaction. 

Contact bar code readers are also available as portable units that can be carried 
around the factory or warehouse by a worker. They are hattery-powered and include a 
solid-state memory device capable of storing data acquired during operation. The data can 
subsequently be transferred to the computer system. Portable bar code readers often in¬ 
clude a keypad that can be used by the operator to input data that cannot be entered via 
bar code. These portable units are used for order picking in a warehouse and similar ap- 
plications tbat require a worker to move large distances in a budding. 

Noncontact bar code readers focus a light beam on the bar code, and a photodetec- 
tor reads the reflected signal to interpret the code. The reader probe is located a certain 
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distance from the bar code (several inches to several feet) during the read procedure. Non- 
contact readers are classified as fixed beam and moving beam scanners Fixed beam redd¬ 
ers are stationary units that use a fixed beam of light. They are usuaiiy mounted beside a 
conveyor and depend on the movement of the bar code past the light beam for their op¬ 
eration. Applications of fixed beam bar code readers are typically in warehousingand ma- 
terial handling operations where large quantities of materials must be identified as they flow 
past the scanner on conveyors. Fixed beam scanners in these kinds of operations repre¬ 
sent some of the first applications of bar codes in industry. 

Moving beam scanners use a highly focused beam of light, actuated by a rotating mir- 
ror to traverse an angular sweep in search of the bar code on the object. Lasers are often 
used to achieve the highly focused light beam. A scan is defined as a single sweep of the 
light beam through the angular path. The high rotational speed of the mirror allows for very 
high scan rates—up to 1440 scans/sec [1], This means that many scans of a single bar code 
can be made during a typical reading procedure, thus permitting verification of the read- 
ing. Moving beam scanners can be eithcr stationary or portable units. Stationary scanners 
are located in a fixed position to read bar codes on objects as they move past on a conveyor 
or other materia) handlingequipment.They are used in warehouses and distribution cen¬ 
ters to automate the product identification and sortation operations. A typical setup using 
a stationary scanner is illustrated in Figure 12.6. Portable scanners are hand-held devices 
that the user points at the har code like a pistol. The vast majority of bar code scanners used 
in faclories and warehouses are of this type [21 ]. 

Bar Code Printers. In many bar code applications, the labels are printed in medi- 
um-to-large quantities for product packages and the cartons used to ship the packaged 
Products. These preprinted bar codes are usually produced off-site by companies special- 
izing in these operations. The labels are printed in either identical or sequenced symbols. 
Printing technologies include traditional techniques such as letterpress, offset lithography, 
and flexographic printing. 

Bar codes can also be printed on-site by methods in which the process is controlled 
by microprocessor to achieve individualized printing of the bar coded document or item 
label. These applications tend to require multiple printers distributed at locations where 
they are necded. The printing technologies used in these applications include [8J, [13]: 

• Dot matrix. In this technique. the bars are printed by overlapping dots to form wide 

or narrow bands. Dot matrix is a low-cosl technique, but the quality of the printed bars 



Figure 12.6 Stationary moving beam bar code scanner located along 
a moving conveyor. 
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dcpcnds on the degree of overlap: accordingly, there is a lower limit on the size of 
thc bar ende. 

• Ink-jet. Like dot matrix, thc ink-jet bars are formed by overlapping dots, but the dots 
are made by ink droplets. Recent advances in ink-jet technology, motivated by the per¬ 
sonal computer market, have improved the resolution of ink-jet printing, and so bar 
codes of higher density than dot matrix bars are possible at relatively low cosl. 

• Direct thermal. In this technique, light-colored paper labels aTe coated with a heat-sen¬ 
sitive Chemical that darkens when heated. The printing head of the thermal printer 
consists of a linear array of small heating elements that heat localized areas of the label 
as it moves past the head, causing the desired bar code image to be formed. Bar codes 
by direct thermal printing are of good quality.and the cost is low. Care must be taken 
with the printed label to avoid prolonged exposure to elevated temperatures and ul¬ 
traviolet lighi. 

• Thermal transfer. This technology is similar to direct thermal printing, except thal 
the thermal printing head is in contact with a special ink rihbon that transfers its ink 
to the moving label in localized areas when heated. Unlike direct thermal printing. 
plain (uncoatcd) paper can be used, and so the concerns about ambient temperature 
and ultraviolet light do not apply.The disadvantage is that the thermally activated ink 
ribbon is consumed in the printing process and must be periodically replaced. 

• Laser printing. Laser printing is the technology that is widely used in printers for per¬ 
sonal computers. In laser printing. the bar code image is written onto a photosensi- 
tive surface (usually arotating drum) by a controllable light source (the laser), forming 
an electrostatic image on the surface. The surface is then brought into contact with 
toner particles that are attracted to selected regions of the image. The toner image is 
then transferred to plain paper (the label) and cured by heat and pressure. High- 
quality bar codes can be printed by this technique. 

In addition, a laser etching process can be used to mark bar codes onto metal parts. The 
process provides a permanent Identification mark on the item that is not susceptible to 
damage in the harsh environments that are encountered in many manufacturing process¬ 
es. Other processes are also used to form permanent 3-D bar codes on parts, including 
molding. casling, engraving, and embossing (5]. Special 3-D scanners are required to read 
these codes. 

Examples of applications of these individualized bar code printing methods include: 
keyboard entry of data for inclusion in the bar code for each item that is labeled, auto¬ 
mated weighing scales and other inspection procedures in which unique grading and la- 
beling of product is required, unique Identification of production lots for pharmaceutical 
Products, and preparation of route sheets and other doeuments included in a shop packet 
traveling with a production order, as in Figure 12.7. Production workers use bar code read- 
ers to indicate order number and completion of each step in the operation sequence. 

12.2.2 Two-Di men s iona I Bar Codes 

The first two-dimensional (2-D) bar code was introduced in 1987 Since then, more than a 
dozen 2-D symbol schemes have been developed, and the number is expected to inerease. 
The advantage of 2-D codes is their capacity to store mueh greater amounts of data at 
higher arca densities. Their disadvaneage is that special scanning equipment is required to 
read the codes, and the equipment is more expensive than scanners used for conventional 
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Figure 12.7 Bar-coded production order and route sheet. (Courtesy 
of Computer Identics Corp.). 


bar codes.Two-dimensiunal symbologies divide into rwo basic types: (1) stacked bar codes 
and (2) matrix symbologies. 

Stacked Bar Codes. The first 2-D bar code to be introduced was a stacked sym- 
bology. It was developed in an efforl to reduce the area required for a conventional bar 
code. But its real advantage is that it can conlain significantly greater amounts of data. A 
stacked bar code consists of multiple rows of conventional linear bar codes stacked on top 
of each other. Several stacking schemes have been devised over the years, neariy all of 
which allow for multiple rows and variations in the numbers of encoded characters possi- 
ble. Several of the stacked bar code systems are listed and compared in Table 12.3. An ex- 
ample of a 2-D stacked bar code is illustrated in Figure 12.8. 

The encoded data in a stacked bar code are decoded using laser-type scanners that 
read the lines sequentially.The technical problems encountered in reading a stacked bar 
code include: (1) keeping track of the different rows during scanning, (2) dealing with scan¬ 
ning swaths that cross between rows, and (3) detecting and correcting localized errors [13]. 
As in linear bar codes, printing defects in the 2-D bar codes are also a problem. 
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TABLE 12.3 2-D Bar Codes 


Symbology 

Type 

Dale (Company or Inventor) 

Relative Data Density* 

Code 49 

Stacked 

1987 (Intermec) 

5.8 

Code 16K 

Stacked 

1988 (T. Williams) 

5.8 

PDF417 

Stacked 

1990 (Symbol Technology) 

7.2 

Code One 

Matrix 

1992 (T. Williams) 

30 

DatøMatrix 

Matrix 

1989 (Priddy & Cymbalski) 

21 

MaxiCode 

Matrix 

1992 (UPS) 

1.6 


SourcG: Palmer [131. 

"Comparlton ia to Code 39 based on 20 alphanumehc characters. Relative data density of Code 39 is 1.0. Higber 
density means more data per unit squsre area. 



Flgure 12.8 A 2-D stackcd bar code. Shown is an example of a 
PDF417 symbol. 


Matrix Symbologies. A matrix symbology consists of 2-D parterns of dala cells thal 
are usually square ond are colorcd dark (usually black) or white.The 2-D matrix symbol¬ 
ogies were introduced around 1990, and several of the more common symbologies are list¬ 
ed in Table 12.3. Their advantage over stacked bar codes Is their capability to contain more 
data. They also have the potential for higher data densities, although that potential is nol 
always exploited, as shown in Table L2.3 for the case of MaxiCode. 1 Their disadvantage 
compared to stacked bar codes is that they are more complicated, which requires more-so- 
phisticated prmting and readingequipment.The symbols must be produced (during prinl- 
ing) and interpreted (during reading) both horizontally and vertically; therefore they are 
sometimes referred to as area symbologies. An example of a 2-D matrix code is illustrat- 
ed in Figure 12.9. 

Applications of the matrix symbologies are currently found in part and product iden- 
tification during manufacturing and assembly. These kinds of applications are expected lo 
grow as computer-integrated manufacturing becomes more pervasive throughout industry. 

1 MaiiCode was developed by United Parcel Service for automated so nation applications. Smal) symbol 
size was not a major factor in its development. 
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Figur* 12.9 A 2-D matrix bar code. Shown is an example of the Data 
Matrix symbol. 

The semiconductor industry has adopted Data Matrix ECC200 (a variation of the Data Ma¬ 
trix code listed in Table 12.3 and shown in Ftgure 12.9) as its standard for marking and 
identifying wafers and other electronic components [11], 


12.3 OTHER ADC TECHNOLOGIES 

The other automated Identification and data collection techniques are either used in spe¬ 
cial applications in factory operations, or they are widely »pplied omside the. factory. Brief 
descriptions of them are provided in the following. 

12.3.1 Radio Frequency Identification 

Of the alternative ADC technologies. radio frequency identification (RF1D) represents the 
biggest challenge to the piedominance of bar codes. In addition, radio frequency (RF) 
technology is widely used to augment bar code identification (and other ADC techniques) 
by providing the communication link between remote bar code readers and some central 
terminal. This latter application is called radio frequency data communication (RFDC),as 
distinguished from RFID. In radio frequency identification, an “identification tag” con- 
taining electronically coded data is attached to the subject item and communicates these 
data by RF to a reader as the item passes. The reader decodes and validates the RF signal 
prior to transmitting the associated data to a collection computer system. 

Although the type of RF signal is similar to those used in wireless television trans¬ 
mission. there are differences in how RF technology is used in product identification. One 
difference is that the communication is in two directions rather than in one direction as in 
commercial radio and TV. The identification tag is a transponder , which is a device capa- 
ble of emitting a signal of its own when it receives a signal from an extemal source.To be 
activated, the reader transmits a low-level RF magnetic fjeld that serves as the power source 
for the transponder when in ck>se-enough proximity. Another difference between RFID and 
commercial radio and TV is that the signal power issubstantially lower in identification ap- 
plications (from milliwatts to several watts), aod the communication distances usually range 
between several millimeters and several melers. The communication distance can be 
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increased by the use of battcry-povvered tags, capable of transmitting the ID data over 
greater distances (typically 10 m and more).T'hese battery-powered tags are called active 
lags, as opposed to the traditional passive lags, which have no battery. 

One of the initial uses of RFID was for tracking railway cargo. In this application. the 
term “tag” mav be misleading, becausc a brick-sized container was used to house the elec- 
tronics for data storage and RF Communications. Subsequent applications use tags avail- 
able in a variety of different forms, such as credit-card-sized plastic labels for product 
idenlification and verv small glass capsules injected into wild animals for tracking and re¬ 
search purposes. 

Identification tags in RFID are usually read-only devices that contain up to 20 char- 
acters of data representing the item Identification and other information that is to be com- 
municated. Advances in the tcchnology have provided mueh higher data storage capacity 
and the ability to change the data in the tag (read/write tags). This has opened many new 
opportunitics for incorporating mueh more status and historical information into the au- 
tomatic idcntification tag rather than using a central data base. 

Advamagesof RFID include:(l) Identification does not depend on physical contact 
or direct line of sight observation by the reader. (2) mueh more data can be contained in 
the Identification tag than wilh most ADC technologies, and (3) data in the read/write tags 
can be aitered for historical usage purposes or reuse of the tag.The disadvantage of RFID 
is thal the hardware tencis to be more expensive than tor most other ADC technologies. For 
this reason, RFID systems are generally appropriate only for data collection situations in 
which environmental factors preclude the use of optical techniques such as bar codes.For 
example, RF systems are suited for idenlification of products with high unit values in man¬ 
ufacturing processes that would obscurc any oplically coded data (such as spray painting). 
They are also used for identifying railroad cars and in highway trucking applications where 
the environment and conditions make other methods of idenlification infeasible. 

12.3.2 Magnetic Stripes 

Magnetic stripes attached to the product or container are used for item Identification in fac- 
tory and warehouse applications. A magnetic stripe is a thin plastic film containing small 
magnetic particles whose pole orientations can be used to encode bits of data into the film. 
The film can be encascd in or attached to a plastic card or paper ticket for autoiliatic iden- 
lification. These are the same kinds of magnetic stripes used to encode data onto plastic 
credit cards and bank access cards. Allhough they are widely used in the financial com- 
munity, their use seems to be declining in shop floor Control applications for the following 
reasons: (l)The magnetic stripe must be in contact with the scanning cquipment for read- 
ing to be accomplished, (2) unavailability of convenient shop floor encoding methods to 
write data into the stripe, and (3) the magnetic stripe labels are more expensive than bar 
code labels. Two advantages of magnetic stripes are their large data storage capacity and 
the ability to alter the data contained in them. 

12.3.3 Optical Charactar Recognition 

Optical character recognition (OCR) refers to the use of specially designed alphanumeric 
charactcrs that are machine readable by an optical reading device. Optical character recog¬ 
nition is a 2-D symbology, and scanning involves interpretation of both the vertical and hor¬ 
isontal features of each character during decoding. Accordingly, when manually operated 
scanners are used. acertain level of skili is required by the human operator, and first read 
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rates are relatively low (often less than 50% [13]). The substantial benefit of OCR technology 
is that the characters and associated text can be read by humans as well as by machines. 

As an interesting historical note, OCR was selected as the standard automatic iden- 
tification technology by the National Retail Merchants Association {NRM A) shortly after 
the UPC bar code was adopted by the grocery industry. Many retail establishments made 
the investmenl in OCR cquipment at that time. However, the problems with the technol¬ 
ogy became apparent by the mid-1980s [13]: (1) low first read rate and high substitution 
error rate when hand-held scanncrs were used, (2) lack of an omnidirectional scanner for 
automatic checkout. and (3) widespread and growing adoption of bar code technology. 
NRMA was subsequently forced to revise its recommended standard from OCR technol¬ 
ogy to bar codes. 

For factory and warehouse applications. the list of disadvantages includes: (1) the re- 
quirement for near-contact scanning, (2) lower scanning rates, and (3) higher error rates 
compared to bar code scanning. 

12.3.4 Machine Vision 

The principal application of machine vision currently is for automated inspection tasks 
(Section 23.6). For ADC applications, machine vision systems are required to read 2-D ma¬ 
trix symbols,such as Data Matrix (Figure 12.9), and they can also be used for stacked bar 
codes,such as PDF-417 (Figure 12.8) [9]. Applications of machine vision also include other 
types of automatic Identification problems, and these applications may grow in numberas 
the technology advances. For example, machine vision systems are capable of distinguish- 
ing between a limited variety of products moving down a conveyor so that the products can 
be sorted. The recognition task is accomplished without requiring that a special Identifi¬ 
cation code be placed on the product.The recognition by the machine vision system is 
based on the inherent geometric features of the object. 
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In this part of the book, we consider how automation and material handling technologies 
are synthesized to create manufacturing systems. We define a manufacturing system to be 
a collection of integrated equipment and humaa resources, whose function is to perform 
one or more processing and/or assembly operations on a starting raw material, part, or set 
of parts. The integrated equipment includes production machmes and tools, material han¬ 
dling and work posilioning devices,and computer systems. Human resources are required 
either full lime or periodically to keep the system running. The manufacturing system is 
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Figure 13.1 The position of the manufacturing system in the larger 
production system. 


where the value-added work is accomplished on the part or product. The position of the 
manufacturing system in the larger production system is seen in Figure 13.1. Examples of 
manufacturing systems include: 

• one worker tending one machine, which operates on semi-automatic cycle 

• a cluster of semi-automatic machines. attended by one worker 

• a fully automated assembly machine. periodically attended by a human worker 

• a group of automated madlines working on automatic cycles to produce a family of 
similar parts 

• a team of workers performing assembly operations on a production line. 

In the present chapter, we classify thcsc manufacturing systems and examine their features 
and performance. In other chapters in this part of the book, we discuss the various manu¬ 
facturing systems of gTeatest commercial and technological importance. 


13.1 COMPONENTS OFA MANUFACTURING SYSTEM 

A manufacturing system consists of several components. In a given system, these compo- 
nents usually include: 

• production machines plus tools. fixtures, and other related hardware 

• material handling system 

• computer systems to coordinate and/or control the above components 

• human workers 

Tn this se etion, we discuss each of these components and the variety of types within each 
category. In the following section, we consider how these components are combined and 
organized in different ways to achieve various objectives in production. 
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13.1.1 Production Machines 

In virtually all modem manufacturing systems, most of the actual processing or assembly 
work is accomplished by machines or with the aid of tools. The machines can be classified 
as (1) manually operaled, (2) semi-automatcd,or (3) fully automated. Manually operaled 
machines are directed or supervised by a human worker. The machine provides the power 
for the operation and the worker provides the control. Conventiona) machine tools (e.g., 
lathes, millingmachines,drill presses) fit into this category,The worker must be at the ma¬ 
chine continuously. 

A semi-automated machine performs a portion of the work cycle under some form of 
program control, and a human worker tends to the machine for the remainder of the cycle, 
by loading and unloading it or performing some other task each cycle. An example of this 
category is a CNC lathe controlled for most of the work cycle by the part program, but rc- 
quiring a worker lo unload the finished part and load the next workpiece at the end of the 
part program. In these cases, the worker must attend to the machine every cycle, but con- 
tinuous presence during the cycle is not always required. If the automatic machine cycle 
takcs,say, 10 min,while the part unloading and loading portion of the work cycle only takes 
1 min, then therc may be an opportunity for one worker to tend more than one machine. 
We analyze this possibility in Chapter 14 (Section 14.4.2). 

What dislinguishes a fully automated machine from its semi-automated cousin is its 
capacity to operate for extended periods of time with no human attention. By extended pe- 
riods of time, we generally mcan longer than one work cycle. A worker is not required to 
be present during each cycle. Instead, the worker may need to tend the machine every 
tenth cycle or every hundredth cycle. An example of this type of operation is found in many 
injection molding plants, where the molding machines run on automatic cycle, but period- 
ically the collection bin full of molded parts at the machine must be taken away and replaced 
by an empty bin. 

In manufacturing systems, we use the term workstation to refer to a location in the 
factory where some well-defmed task or operation is accomplished by an automated ma¬ 
chine, a worker-and-machine combination, or a worker using hånd tools and/or portable 
powered tools. In this last case, there is no definable production machine at the location. 
Many assembly tasks are in this category. A given manufacturing system may consist of 
one or more workstations. A system with multiple stations is called a production lille,or as¬ 
sembly line, or machine cell,or other name, depending on its configuration and funetion. 

13.1.2 Material Handling System 

In most processing and assembly operations performed on discrete parts and products. the 
following ancillary funetions must be provided: (I) loading and unloading work units and 
(2) positioning the work units at each station. In manufacturing systems cotnposed of mul¬ 
tiple workstations, a means of (3) transporting work units between stations is also required. 
These funetions are accomplished by the malerial handling system. In many cases, Ihe units 
are moved by the workers themselves, but more often some form of mechanized or auto¬ 
mated material transport system (Chapter 10) isused to reduce human effort. Most mate¬ 
rial handling systems used in production also provide (4) a temporary storage funetion. 
The purpose of storage in these systems is usually to make sure that work is always pre¬ 
sent for the stations, that is, that the stations are not starved (meaning that they have noth- 
ing to work on). 
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Some of the issues related to the material handling system are often unique to the par- 
ticular type of manufacturing system, and so it makes sense to discuss the details of cach 
handling system when we discuss the manufacturing system itself in later chapters. Our 
discussion here is concerned with general issues relating to the material handling system. 

Loading. Positioning, and Unloading. These material handling functions occur 
at each workstation. Loading involves moving the work units into the production machine 
or processing equiproent from a source inside the station. For example, starting parts in 
batch processing operations are often stored in containers (pallets, tote bins, etc.) in the im- 
mediately vicinity of the station. For most processing operations, especially those requir- 
ing accuracy and precision. the work unit must be positioned in the production machine. 
Positioning provides for the pari to be in a known location and orientation relative to the 
workhead or tooling that performs the operation. Positioning in the production equipment 
is often accomplished usir g a workholder. A workholder is a device that accurately locatcs, 
orients, and damps the part for the operation and resists any forces that may occur during 
processing. Common work holders include jigs, firtures, and chucks. When the production 
operation has been completed, the work unit must be unloaded, that is, removed from the 
production machine and either placed in a container at the workstation or prepared for 
transport to the next workstation in the processing sequence. “Prepared for transport” may 
consist of simply loading the part onto a conveyor leading to the next station. 

When the production machine is manually operated or semi-automatic, loading, po¬ 
sitioning, and unloading are performed by the worker either by hånd or with the aid of a 
hoist. In fully automated stations, a mechanized device such as an industrial robot, parts 
feeder. coil feeder (in sheet metal stamping), or automatic pallet changer is used lo ac- 
complish these material handling functions. 

Work Transport Between Stations. In the context of manufacturing systems, work 
transport rneans moving parts between workstations in a multi-station system. The trans¬ 
port funetion can be accomplished manually or by the most appropriate material trans¬ 
port equipment. 

In some manufacturing systems, work units are passed from station to station by 
hånd. Manual work transport can be accomplished by moving the units one at a time or in 
batches. Moving parts in batches is generally more efficient. according to the Unit Load 
Principle (Section 9.3). Manual work transport is limited to cases in which the parts are small 
and light, so that the manual labor is ergonomically acceptable. When the load to be moved 
exceeds certain weight standards, powered hoists (Section 10.5) and similar lift equipment 
are used. Manufacturing systems that utilize manual work transport indude manual as- 
sembiy lines and group technology machine cells. 

Variotis types of mechanized and automated material handling equipment are wide- 
ly used to transport work units in manufacturing systems. We distinguish two general cai- 
egories of work transport, according to the type of routing between stations: (1) variable 
routing and (2) fixed routing. In variable routing, work units are transported through a va- 
riety of different station sequences.This means that the manufacturing system is process¬ 
ing or assembling different work units. Variable routing transport is associated with job 
shop production and many batch production operations. Manufacturing systems that use 
variable routing include group technology machine cells (Chapter 15) and flexible manu¬ 
facturing systems (Chapter 16). In fixed routing. the work units always flow through the 
same sequence of stations This means that the work units are identical or similar enough 



Sec. 13.1 / Components of a Manufacturing System 


379 



(a) 


OO© 

Coirpleted 


Workstalions 


(b) 


Figure 13.2 Types of routing in multiple station manufacturing sys¬ 
tems, (a) variable routing and (b) fixed routing. 


TABLE 13.1 Common Material Transport Equipment Used for Variable 
and Fixed Routing in Multiple Station Manufacturing 


Systems 

Type o f Part Routing 

Material Handling Equipment * 

Variable routing 

Automated guided vehicle system 
Power-and-free overhead conveyor 
Monorail system 

Cart-on-track conveyor 

Fixed routing 

Powered roller conveyor 

Belt conveyor 

Drag Chain conveyor 

Overhead trolley conveyor 

Rotary indexing mechanisms 

Walking beam transfer equipment 


• Described in Cbepters 10 and 18- 


that the processing sequence is identical. Fixed routing transport is used on production 
lines (Chaptcrs 17 and 18). The difference belween variable and fixed routing is portrayed 
tn Figure 13.2. Table 13.1 lists some of the typical material transport equipment used for the 
two types of part routing. 

Pallet Fixtures and Work Carriers in Transport Systems. Depending on the 
geometry of the work units and the nature of the processing and/or assembly operations 
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to be performed, tbe transport system may be designed to accommodate some form of pal¬ 
let fixture. A pulle: fix ture is a workholder that is designed to be transported by the mate- 
rial handling system.The part is accurately attached to the fixture on the upper face of the 
pallet, and the under portion of the pallet is designed to be moved, located, and clamped 
in position at each workstation in the system. Since the part is accurately located in the 
fixture, and the pallet is accurately clamped at the station, the part is therefore accurately 
located at each station for processing or assembly. Use of pallet fixtures is common in au¬ 
tomated manufacturing systems, such as single machine cells with automatic pallet chang- 
ers, transfer lines, and automated assembly systems. 

The fixtures can be designed with modular features that allow them to be used for 
different workpart geometries. By changing componenls and making adjustmenls in the fix¬ 
ture, variations in part sizes and shapes can be accommodated. These modular pallet fix¬ 
tures are ideal for use in flexible manufacturing systems. 

Alternative methods of workpart transport avoid the use of pallet fixtures. lnstead, 
parts are moved by the handling system either with or without work carriers. A work car- 
rier is a container (e.g., tote pan, flat pallet, wire basket) that holds one or more parts and 
can be moved in the system. Work carriers do not fixture the part(s) in an exact position. 
Their role is simply to contain parts during transport. When the parts arrive at the desired 
destination, any iocaling requirements for the next operation must be satisfied at that sta¬ 
tion. (This is usually done manually.) 

An alternative to using pallet fixtures or work carriers is direct transport , in which 
the transport system is designed to move the work unit itself. The obvious benefit of this 
arrangement is that it avoids the expense of pallet fixtures or work carriers as well as the 
added cost of providing for their return to the starting point in the system for reuse. In 
manually operated manufacturing systems, direct transport is quite feasible, since any po- 
sitioning required at workstations can be accomplished by the worker. In automated man¬ 
ufacturing systems, in particular systems that require accurate positioning at workstations, 
the feasibility of direct transport depends on the part's geometry and whether an auto¬ 
mated handling method can be devised ihat is capable of moving. locating, and damping 
the part with sufficient precision and accuracy. Not all part shapes allow for direct han¬ 
dling by a mechanized or automated system. 

13.1.3 Computer Control System 

In today’s automated manufacturing systems, a computer is required to contra! the auto¬ 
mated and semi-automated equipment and to participate in the overall coordination and 
management of the manufacturing system. Even in manually driven manufacturing sys¬ 
tems, such as a completely manual assembly line, a computer system is useful to support pro¬ 
duction. "iypical computer system funetions include the following: 

• Communicate instructions to workers. In manually operated workstations that perform 
different tasks on different work units, processing or assembly instructions for the 
specific work unit must be communicated to the operator. 

• Download part programs to computer-controlled machines (e.g., CNC machine tools). 

• Materiai handling system control- This funetion is concemed with con trolling thema- 
terial handling system and coordinating its activities with those of the workstations 

• Schedule production. Certain production scheduling funetions are accomplished at the 
site of the manufacturing system. 
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• Faihire diagnosis. This involves diagnosing equiproent malfunctions. preparing pre- 
ventive maintenance schedules.and maintainmg spare parts inventory. 

• Safety Monititring. This function ensures that the system does not operate in an un- 
safe condilion. The goal of safety monitoring is to protecl hoth the human workers 
manning the system and the equipment comprising the system. 

• Qualirv Control -The purpose uf this contiul function is to detect and possibly reject 
defeetive work units produced by the system. 

• Operations management. Managing the overall operations of the manufacturing sys- 
tem.either direetly (by supervisory computer control) or indireetly (by preparing the 
necessary reports for management personnel). 

13.1-4 Human Resources 

In many manufacturing systems, humans perform some or all of the value-added work t hat 
is accomplished on the parts or products. In these cases, the human workers are referred 
to as direa lahor .Through their physical labor, they direetly add to the value of the work 
unit by performing manual work un it ur by controlling the machines that perform Ihe 
work. In manufacturing systems that are fully automated,direct labor is still needed to per¬ 
form sueh activilics as loading and unlouding parts to and from the system, changing tools, 
resharpening tools. and similar funelions. Human workers are also needed for automated 
manufacturing systems to manage or support the system as computer programmers,com¬ 
puter operators, part programmers for CNC machinc tools (Chapter 6),maintenance and 
repair personnel. and similar indirea lahor tasks. Fn automated systems, the distinetion be- 
tween direct and ir.direct labor is nol always precise. 


13.2 CLASSIFICATION OF MANUFACTURING S YSTEMS 

In this xcctior., we explorc the variety of manufacturing system types and develop a clas- 
sification schcme based on the factors that define and distinguish the different types.The 
factors arc: (1) types of operations performed,(2) number of workstations and system lay¬ 
out. (3) level of automation, and (4) part or product variety. The four factors in our man¬ 
ufacturing systems classification schetne are defined in Table 13.2 and discussed below. 


TABLE 13.2 Factors in Manufacturing Systems Classification Scheme 


Factor 

Alternatives 

Types of operations 
performed 

Processing operations versus assembly operations 

Type of processing or assembly operation 

Number of workstations and 
system layout 

One station versus more than One station 

For more than one station, variable routing versus fixed routing 

Level of automation 

Manual or semi-automated workstations that requirefull-time 
operator attention versus fully automated that 
require only peiiodic worker attention 

Part or product variety 

All work units identical versus variations in work units 
that require differences in processing 
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13.2.1 Types of Operations Performed 

First of all. manufacturing systems are distinguished by the types of operations they per¬ 
form. At the highest level, the distinction is between (1) processing operations on individ- 
ual work units and (2) ussemhly operations to eombine individua! parts into assembled 
entities. Beyond this distinetion. there are the technologies of the individual processing 
and assembly operations (Section 2.2.1). 

Additional parameters of the product that play a role in determining the design of the 
manufacturing system indude: type of material processed, size and weight of the part or 
product, and part geometry. For examplc. machined parts can be classified according to 
part geometry as rotational or nonrotational. Rotational parts arc cylindrical or disk-shaped 
and require turning and related rolational operations. Nonrotational (also called prismat- 
ic ) parts are reciangular or cube-like and require milling and related machining operations 
to shape theni. Manufacturing systems that perform machining operations must be distin¬ 
guished according to whether they make rotational or nonrotational parts- The distinction 
is important not only because of differences in the machining processes and machine tools 
required.but also because the malerial handling system mustbe engineered differently 
for the two cases. 


13.2.2 Number of Workstations and System Layout 

The number of workstations is a key factor in our classification scheme. It exerts a strong 
influence on the performance of the manufacturing system in terms of production capad- 
ty, productivity, cost per unit. and maintainability. Let us denote the number of workstations 
in the system by the symbol n. The individual stations in a manufacturing system can be 
identified by the subscript i, where i = 1,2,...,«. This might be useful in identifying para¬ 
meters of the individual workstations, such as operation time or number of workers at a 
station. 

The number of workstations in the manufacturing system is a convenient measure of 
its size. As the number of stations is incrcased. the amount of work that can be accom- 
plished by the system increases.This translates into a higher production rate, certainly as 
compared with a single workstation's output, but also compared with the same number of 
single stations working independently. There must be a synergistic benefit obtained from 
multiple stations working in a coordinated manner rather than independently; otherwise, 
it makes more sense for the stations to work as independent entities. The synergistic ben¬ 
efit might be derived from the faet that the totality of work performed on the part or prod¬ 
uct is too complex to engineer at a single workstation. There are too many individual tasks 
to perform at one workstation. By assigning separate tasks to individual stations, the task 
performed at each station is simpTtfied. 

More stations also mean that the system is more complex and therefore more diffi- 
cult to manage and maintain.The system consists of more workers, more machines, and 
more parts being handled.The logistics and coordination of the system becomes more in- 
volved. Maintcnance problems occur more frequently. 

Closely related to number of workstations is the arrangement of the workstations, that 
is, the way the stations are laid oul.This, of coursc.applies maiuly to systems with multiple 
stations. Are the stations arranged for variable routing or fixed routing? Workstation lay¬ 
outs organized for variable routing can have a variety of possibie configurations, while lay- 
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outs organized for fixed routing are usually arranged linearly, as in a production line. The 
layout of stations is an important factor in determining the most appropriate material han¬ 
dling system. 

Oui classification scheme is applicable lo manufacturing systems that perform either 
processing or assembly operations. Although these operations are different, the manufac¬ 
turing systems to perform them possess similar configurations. According to number of 
stations and the layout of the stations, our classification scheme has three levels: 

Type I Single station. This is the simplest case, consisting of one workstation (n = 1), 
usually including a production machine that can be manually operated,semi-au- 
tomated, or fully automated. 

Type 11 Multiple stations with variable routing. This manufacturing system consists of two 
or more stations (« > 1) that are designed and arranged to accommodale the 
processing or assembly of different part or product styles. 

Type III Multiple stations with fixed routing. This system has two or more workstations 
(n > 1), which are laid out as a production line. 

13.2.3 Level of Automation 

The level of automation is another factor that characterizes the manufacturing system. As 
defined above, the workstations (machines) in a manufacturing system can be manually op- 
erated, semi-automated, or automated. 

Manning Level. Closely correlatcd with the level of automation is the proportion 
of time that direct labor must be in attendance at each station. The manning level of a 
workstation, symbolized Af,,is the proportion of time that a worker is in attendance at the 
station. If M, = 1 for station i, it means that one worker must be at the station continuously. 
If one worker tends four automatic machines. then Af, = 0.25 for each of the four ma¬ 
chines, assuming each machine requires the same amount of attention. On portions of an 
automobile final assembly line.there are stations where multiple workers perform assem¬ 
bly tasks on the car, in which case Af, = 2 or 3 or more. In general, high values of Af, 
(Af, & 1) indicate manual operations at the workstation, whilelow values (Af, c l)denote 
some form of automation. 

The average manning level of a multi-station manufacturing system is a useful indi- 
cator of the direct labor content of the system. Let us define it as follows: 

w„ + 2 Ml, 

Af =-^— = — (13.1) 

where Af = average manning level for the system; m*,, = number of Utility workers assigned 
to the system; w, — number of workers assigned specifically to station i, for i = 1,2,...,«; 
and w = total number of workers assigned to the system. Utility workers are workers who 
are not specifically assigned to individual processing or assembly stations; instead they per¬ 
form funetions such as: (1) rclieving workers at stations for personal breaks, (2) maintenance 
and repair of the system. (3) tool changing, and (4) loading and/or unloading work units to 
and from the system. Even a fully automated multi-station manufacturing system is likety 
to have one or more workers who are responsible for keeping it running. 
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Automation in the Classification Scheme. Including automation in our classifi- 
cation scheme, we have two possible automation levels for single stations and three possi- 
blc levels for multi-station systems. The two levels for single stations (type I) are: 
M = manncd station and A = fully automated.The manned station is identified by the faet 
that one or more workers must be at the station every cycle.This means that any machine 
at the station is manually operated or semi-automatic and that manning is equal to or 
greater than one (M s 1). However, in some cases, one worker may be able to attend 
more than one machine, if the semi-automatic cycle is long relative to the service required 
each cycle of the worker (thus, M < 1). We address this issue in Section 14.4.2. A fully au- 
tomated station requires less than full-time attention of a worker (M < 1). For multi-sta¬ 
tion systems (types II and III), the levels M and A are applicable, and a ihird level is possible: 
H = hybrid, in which some stations are manned and others are fully automated. Listing the 
alternatives, we have the following: 

Type IM Single-station manned cell. The basic case is one machine and one worker 
(n = l,u> = 1 ).The machine is manually operated or semi-automated.and the 
worker must be in continuous attendance at the machine. 
type IA Single station automated cel!. This is a fully automated machine capable of un- 

attended operation (Af < l) for extended pe riods of time (longer than one 
machine cycle). A worker must periodically load and unload the machine or 
otherwisc service it. 

"type IIM Multi-station manual system with variable rouring. This has multiple stations that 
are manually operated or semi-autoraated .The layout and work transport sys¬ 
tem allow for various toutes to be followed by the parts or products made by 
the system. Work transport between stations is either manual or mechanized. 
"type IIA Multi-station automated system with variable rouring. This is the same as the 
previous system, except the stations are fully automated (n > I, w, = 0, 
M < 1). Work transport is also fully automated. 

Type n H Multi-station hybrid system with variable rouring. This manufacturing system 
contains both manned and automated stations. Work transport is manual, au¬ 
tomated, or a mixture (Hybrid). 

Type IH M Multi-station manual system with fixed routing. This manufacturing system 
consists of two or more stations (n > 1), with one or more workers at each sta¬ 
tion (tn, a: l).The operations are sequential, thus necessitating a fixed rout- 
ing, usually laid out as a production line. Work transport between stations is 
either manual or mechanized. 

Type III A Multi-station automated system with fixed routing.This system consists of two 
or more automated stations (n > 1, te, = 0, M < l) arranged as a produc¬ 
tion line or similar configuration. Work transport is fully automated. 

Type IIIH Multi-station hybrid system with fixed rønftng.This system includes both manned 
and automated stations (n > 1, in, > 1 for some stations, tn, = 0 for other sta¬ 
tions, M > 0). Work transport is manual, automated, or a mixture (hybrid). 

The eight types of manufacturing system are depicted in Figure 13.3. 
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Figure 13.3 Classification of manufacturing systems: (a) single station manned cell. 
(b) single station automated cell, (c) multi-station manual system with variable routing, 
(d) multi-station automated system with variable routing, (e) multi-station hybrid sys¬ 
tem with variable routing. (f) multi-station manual system with serial operations, 
(g) multi-station automated system with serial operations, and (h) multi-station hybrid 
system with serial operations. Key: Man = manned station. Aut = automated station. 


13.2.4 Part or Product Variety 

A fourth factor that characterizes a manufacturing system is the degree to which it is ca- 
pable of dealing with variations in the parts or products it produces. Examples of possible 
variations that a manufacturing system may have to cope with include: 

• variations in type and/or color of plastic of molded parts in injection molding 

• variations in electronic components placed on a standard size printed Circuit board 

• variations in the size of printed Circuit boards håndled by a component placement machine 

• variations in geometry of machined parts 

• variations in parts and options in an assembled product on a final assembly line. 

In this section, we borrow from the terminology of assembly lines to identify three types of man- 
ufiictliringsystems,distinguished by their eapacity to cope with port or product variety. We then 
discuss two ways in which manufacturing systems can be endowed with this capability. 
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TABLE 13.3 Three Types of Manufacturing System According to Their Capacity to Deal 
with Product Variety 


System Type 

Symbol 

Typicai Product Variety 

Flexibility 

Single model 

S 

No product variety 

None required 

Satch model 

B 

Hard product variety typicai* 

Most flexible 

Mixed model 

X 

Soft product variety typicai* 

Some flexibility 


•Hard and soft product variaty a'e daf ned inChaptars 1 iSection 1.1) and 2 (Section 2.3.1). 


Model Variations: Three Cases. Manufacturing systems can be distinguished ac¬ 
cording to their capability to deal with variety in the work units produced.Terminology used 
in assembly line technology (Section 17.1.4) can be applied here. Three cases of part or 
product variation in manufacturing systems are distinguished: (1) single model, (2) batch 
model, and (3) mixed model. The three cases can be identified by letter. S, B, and X, re- 
spectively.The typicai level of product variety can also be correlated wilh the three cate- 
gories.These features are summarized inTable 133. 

In the single model case, all parts or products made by the manufacturing system 
are identical.There are no variations. In this case, demand for the item must be sufficient 
to justify dedication of the system to production of that item for an extended period of 
time, perhaps several years. Equipment associated with the system is specialized and de¬ 
signed for highest possiblc efficiency. Fixed automation (Section 1.3.1) in single model 
systems is common. 

In the batch model case, different parts or products are made by the system, but they 
are made in batches because a changeover in physical setup and/or equipment program- 
ming is required between models. Changeover of the manufacturing system is required 
because the differences in part or product style are significant enough thal the system can- 
not cope unless changes in tooling and programming are made It is a case of hard prod¬ 
uct variety (Section 1.1). The time needed to accomplish the changeover requires the 
system to be operated in a batch mode. in which a batch of one product style is followed 
by a batch of another, and so on. Batch production is illustrated in Figure 13.4. The plot 
shows production quantity as a furetion of time, with interruptions between batches for 
changeover (setup). 



Figure 13.4 The sawtooth plot of production quantity over time in 
batch production. Key: T su — setup time, Q j = batch quantily, 
T q = cycle time for part or product j. Production runs vary because 
batch quantities and production rates vary. 
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In the mixed model case. different parts or products are made by the manufacturing 
system, but the system is able to handle these differences without the need for a changeover 
in sctup and/or program. This means that the mixture of different styles can be produced 
eontinuously rather than in batches.The requirement for continuous production of differ¬ 
ent work unit styles is that thc manufacturing system be designed so that whatever adjust- 
ments nccd to be made from one part or product style to the nexl. these adjustments can 
be made quickly cnough that it is economieal lo produce the units in batch sizes nf one. 

Flexibility in Manufacturing Sysfems. F/ex ih i li ty is the term uscd for the attribute 
that allows a mixed model manufacturing system to cope with a certain level of variation 
in part or product style without inlerruptions in production for changeovers between mod¬ 
els. Flexibility is generally a desirable feature of a manufacturing system. Systems that pos- 
sess it are calked flexible manufacturing systems , or flexible assembly systems, or similar 
names. They can produce different part styles or car. readily adapt to ne w part styles when 
the previous ones become obsolete.To bc flexible, a manufacturing system must possess the 
following capabilities: 

• Identification of the different work units. Different operations are requircd on differ¬ 
ent part or product styles The manufacturing system must identify the work unit to 
perform thc corrccl opeialiun. lu a inanually operaled or semi-automalic system, 
this task is usualiy an easy one for the worker(s). In an automated system, some means 
of automatic work unit identification must be engineered. 

• Quick changeover of operating mstrucnons. The instruction«, or part program in the 
case of computer-controlled production machines. must correspond to the corTect 
operation for the given part. In the case of a manually operated system, this gener¬ 
ally means workers who (I) are skilied in the variety of operations needed to process 
or assemble the different work unit styles and (2) know which operations to perform 
on each work unit style. In semi-automatic and fully automated systems, it means 
that the fequired part programs are readily available to the control unit. 

• Quick changeover of physicat setup. Flexibility in manufacturing means that the dif¬ 
ferent work units are not produced in batches. For different work unit styles to be pro¬ 
duced with no time lost between one unit and the next, the flexible manufacturing 
system must be capablc of making any necessary changes in fixturing and tooling in a 
very short time. (The changeover time should correspond approximately to the time 
required to exchange the completed work unit for the next unit to be processed.) 

These capabilities are often difficull lo engineer. In manually operated manufacturing sys¬ 
tems. human errors can cause problems: operators not performing the correct operations 
on the different work unit styles. In automated systems, sensor systems must be designed 
to enable work unit identification.Part program changeover is accomplished with relative 
ease using today's computer technologv. Changing the physicat setup is often the most 
challenging problem, and its solution becomes more difficult as part or product variety in¬ 
ereases. Endowing a manufacturing system with flexibility inereases its complexity. The 
material handling system and/or pallet fixtures must be designed to hold a variety of part 
shapes.The required number of different tools inereases. Inspection becomes morecom- 
plicated because of part variety. The logistics of supplying the system with the oorrcct quan- 
tities of different starting workparts is more involved. Scheduling and coordination of the 
system become more difficult. 
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Flexibility itself is a complex issue. certainly more complex than we have discussed 
in this introductory treatment of it. It is recognized as a significantly importan t attributefor 
a system topossess.We dedicate a more in-depth discussion of the issue in Chapter 16 on 
flexible manufacturing systems. 

Reconfigurable Manufacturing Systems. In an era when new product stvles are 
being introduced with ever-shortening iife cycles, the cost of designing. building. and in- 
stalling a new manufacturing system every time a new part or product must be produeed 
is becoming prohibitive, both in terms of time and money. One alternative is to reuse and 
reconfigure components of the original system in a new manufacturing system. In modern 
manufacturing engineering practice. even single model manufacturing systems are being 
built with features that enable them to be changed over to new product stvles when this be- 
comes necessary.These kinds of features include [1]: 

• Ease ofmobility. Machine tools and other production machines designed with a three- 
point base that allows them be readily lifted and moved by a crane or fork lift truck. 
The three-point base facilitates leveling of the machine after moving. 

• Modular design of system components.Tb\s permits hardware components from dif- 
ferent machine builders to be connected together. 

• Open architecture in computer controLs.This permits data interchange between soft¬ 
ware packages from different vendors. 

• CiVC workstations. Even though the production machines in the system are dedicat- 
ed to one product, they are nevertheless computer numerical controlled to allow for 
upgrades in software, engineering changes in the part currently produeed, and 
changeover of the equipment when the production run finally ends. 


13.3 OVERVIEW OF THE CLASSIFICATION SCHEME 

Our manufacturing systems classification scheme is defined by four factors: (1) type of 
processing or assembly operations performed. (2) number of stations and layout, (3) au¬ 
tomation level, and (4) flexibility to deal with part or product variety. In Table 13.4, we list 
some cxamples of manufacturing systems in the classification scheme. These systems are 
described in Chapters 14-19. 

A sense of the relative flexibility and productivity of the various types of manufac¬ 
turing systems is provided in the P-Q chart of Figure I3.5(a). Type 1 systems, in particular 
manual systems, inherently possess the greatest flexibility in terms of part or product va- 
riety. However, single stations are limited in terms of the part or product complexity they 
can cope with. as indicated in Figure 13.5(b). We have suggested that the number of com¬ 
ponents in an assembly and the number of processing ste ps for a part are reasonable quan- 
titative measures of part or product complexity (Section 2.3.2). H the work unit is simple, 
requiring only one or a few processing or assembly operations, then a single station system 
can be justified for high production as well as low production. As the complexity of the 
work unit inereases, the advantage shifts toward a multi-station manufacturing system.The 
larger number of t asks and additional tooiing required for more-complex parts or products 
begins to overwhelm a single station. By dividing the work among multiple stations (as in 
division of labor), the complexity becomes more manageable. If there is no product vari- 
ety or very soft product variety, then a type III system is appropriate. As product variety 
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TABLE 13.4 Examples in the Manufacturing Systems Classification Schemes 


' 



Product 


Type 

Description 

Operation 

Variety Case 

Example 

1 M 

Single station manned cel 

Processing (machining) 

S or B 

Workerat CNC lathe 



Processing (stamping) 

S orB 

Worker at stamping press 



Assembly (welding) 

SorBorX 

Welder and fitter at arc 





welding setup 

1 A 

Single station automated 

Processing (machining) 

B or X 

A CNC machining center 


cell 



with parts carousel 
operating in an 
unattended mode 



Assembly (mechanical) 

S or X 

An assembly system in 





which one robot 
performs multiple 
assembly tasks to 
complete a product 

II M 

Multi-station manual 

Processing (machining) 

X 

A group technology 





machine cell that 


routing 



machinesa family of 
metal parts 



Processing (machiningl 

B 

A small job shop with a 





process layout might be 
considered a type IIM 
system. It prod uces a 
variety of different part 
or product styles 
requiring a variety of 
process routings 

II A 

Multi-station automated 

Processing (machining) 

X 

A flexible manufacturing 


system wilh variable 
routing 



system 

NI M 

Multi-station manual 

Assembly 


A manual assembly line 


system with fixed 



that produces small 


routing 
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ia) 



(b) 

Rgure 13.5 (a) P-Q chart for the types of manufacturing systems in our 
classification schcmc. indicating trends in flexibility and productivity; 
and (b) part or product complexity for the three basic manufacturing 
system types. Key: I = single station system,]] = multi-station system 
with variable routing, 111 = multi-station system with fixed routing. 


inereases, a lyfte II system with variable routing becomes more appropriate. Our charts ir- 
dicate Ihat the type III systems are the most productive. 

Let us briefly describe types 1,11, and III manufacturing systems. In subscquent chap- 
ters, these systems are discussed in greater detail. 


13.3.1 Type I Manufacturing Systems: Single Stations 

Applications of single workstations are widespread. The typical case is a worker-machine 
cell. Our classification scheme distinguishes two categories: (1) type M: manned worksta- 
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tions, in which a worker must be in attendance eithercontinuously or for a portion of each 
work cycle. and (2) type A: automateti nations, in which periodic attention is required less 
frequentlv than every cyde. In either case.these systems are used for processing as well -as 
for assembly operations, and their applications include single model, baich model, and 
mixed model production. 

Reasons for the popularity of the single model workstation include: (1) It is the eas- 
iest and least expensivc manufacturing method to implement, especially the manned ver¬ 
sion: (2) it is the most adaptable, adjustable, and flexible manufacturing system; and (3) a 
manned single workstation can be converted to an automated station if demand tor the 
parts or products made in the station justifies this convcrsion. 


13.3.2 Type II Manufacturing Systems: Multi-Station Cells 

A multiple station syslem with variable routing is a group of workstations organized to 
aehieve some special purpose. It is typically intended for production quantities in the medi¬ 
um range (annual production = lf^-lO 4 parts or products), although its applications some- 
times extend beyond these boundaries. The special purpose may be any of the following: 

• Production of a family of parts having similar processing operations. 

• Assembly of a family of products having similar assembly operations. 

• Production of the complete set of components used in the assembly of one unit of final 
product. By producing all of the parts in one product. rather than batch production 
of the parts, work-in-process inventory is reduced. 

As our list of examples indicates, the multi-slation system with variable routing is applic- 
able to either processing or assembly operations. It also indicates that the applications usu- 
ally involve a certain degrec of part or product variety, which means differences in 
operations and sequences of operations that must be performed.The machinc groups must 
possess flexibility to cope with this variety. 

The machines in the group may be manually operated, semi-automatic, or fully au¬ 
tomated. In our classification scheme, manually operated machine groups are type II M. 
These groups are often called machine cells, and the use of these cells in a factory is called 
cellular manufacturing. Cellular manufacturing and its companion topic, group technolo- 
gy.are discussed in Chapter 15. When the machines in the group are fully automated, with 
automated material handling between workstations, it is classified as type II A. If an au¬ 
tomated machine group is flexible, it is referred to as a flexible manufacturing system or 
flexible manufacturing cell. We discuss flexibility and flexible manufacturing systems in 
Chapter 16. 

13.3.3 Type III Manufacturing Systems: Production Lines 

A multi-slation manufacturing system with fixed routing is a production line. A production 
line consists of a series of workstations laid out so that the part or product moves from one 
station to the next. and a portion of the total work is peiTormed on it at each station. Pro¬ 
duction lines are generally associated with mass production {10*—10 6 parts or products per 
year). Conditions that favor the use of a production line are: 
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• The quantitv of parts or products to be made is very high tup to millions of units). 

• The work units are identical or very similar. (Thus they require the same or similar 
operations to be performed in the same sequence.) 

• 1 he total work car be divided into separate tasks of approximately equal duration 
that can be assigned to individual workstations. 

The production rate of the line is determined by its slowest station. Workstations 
whose pace is faster than the slowest must ultimately wait for that bottleneck station.Trans- 
fer of work units from one station to the next is usually accomplished by a conveyor or 
Other mechanical transport system, although in some cases the work is simply pushed be- 
tween stations by hånd. 

Production lines are used for cither processing or assembly operations. It is unusual 
for both types of operation to bc accomplished on the same line. Production lines are ei- 
ther manually operated or automated. In our classification scheme, the manual lines are des- 
ignated type III M.and the automated lines are designated type IIIA. Manual production 
lines usually perform assembly operations, and we discuss manual assembly lines in Chap- 
ter 17. Automated lines perform either processing ot assembly operations, and we discuss 
these two system types in Chapters 18 and 19.There are also hybrid systems (type 111 H), 
in which both manual and automated stations exist in the same line. This case is analyzed 
in Section 19.3.4. 

13.4 MANUFACTURING PROGRESS FUNCTIONS (LEARNING 
CURVES) 


A phenomenon manifested in virtually all manufacturing systems is the leaming curve, 
which was first observed and studied in aircraft assembly in the 1930s [8]. It applies to anv 
repetitive activity. The leaming curve phenomenon occurs when the cycle time required to 
perform a given activity decreases as the number of cydes inereases. It is easiest lo visual- 
ize leaming in terms of an individual human worker. When a given task is performed re 
peatedly by the worker, it is gradually learned so that the time required to perform it 
decreases with each successive work unit. At first. the leaming effeet is rapid, and the time 
per work unit decreases significantly with each consecutivc unit. As the worker completes 
more and more units, the reduction in task time with each additional unit becomes less 
and less The improvemenl that results from leaming occurs at a diminishing rate. 

Although it is easier to envision learning when applied to individual humans, the 
same kind of cycle time reduction occurs in the repetitive operations of work teams, large 
organizations, and manufacturing systems In these cases, the phenomenon is called (he 
manufacturing progress fitnetion. 

For the case of an automated manufacturing system, one might think that since the 
cycle is set by the machine(s), then cycle time reduction is not possible. However, it must 
be realized that in all but the simplest of systems, there isinvariablv a beginning period after 
the system is first installed during which “bugs” in the system are being worked oul, and 
the peoplc rcsponsible for operating the system are leaming what makes it work. This is 
often called the break-in period or a similar name. Production tends to be very low during 
this break-in period. But repairs are made, the bugs are fixed, and the system is “tuned,’' 
so thal the production rate inereases Leaming has taken place. After the break-in period, 
if leaming and “fine-tuning” are allowed to proceed in the spirit of continuous improvemenl 
that is encouraged by many organizations, the leaming curve will continue. 
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Figur c 13.6 The learning curvc phenomenon for a learning rale 
of 80%. 


Aceording to learning curve theory. there is a constant learning rate that applies to a 
given task. Diffcrent learning rates are associated with different types of tasks. And different 
workers have diflcrent learning capabilities that affeet the learning rate. Whatever the 
learning rate. its elTcct is most identiflable every time the number of units doubles This dou- 
bling effeet can be seen in our hypothetical plot in Figure 13.6. Assuminga learning rate 
of 80%, as in our figure, the time lo produce the second unit is 80% of that for the first unit; 
the time to produce the fourth unit is 80%. of that for the second; and so forth. Every time 
the number of units doubles, the task time per unit has been reduced to 80% of its pievi- 
ous value. Between ihese points, the unit task times gradually decrease. We can calculate 
the expected time for the A'lh work unit by means of the following equation: 


(13.4) 


where 7\ = task time for the <Vth unit of work; 7, = task time for the first work unit; 
V = the number of the unit produced in the series; and m = an exponent that depends on 
the learning rate. The value of m can be determined as follows: 


In (LR) 
in(2) 


(13.5) 


where LR - learning rate. expressed as a decimal fraction, such as 0.80. The natural log- 
arithm of 2 ir. the denominator manifests the doubling effeet of the learning rate. This caus- 
es the curve to plot as a straight line in a log-log graph, as in Figuie 13.7. Typtcal values of 
the learning rate for various types of work are compiled in Table 13.5. The following ex- 
ample demonstrates the effeet of learning in assembly line work. 


EXAMPLE 13.3 The Learning Curve 

A ccrtain mechanical assembly task required 3.75 min to complete when a 
skilied worker did it for tbe first time. The task wiil be performed on an as¬ 
sembly line used to produce 1000 units of a particular product.The line is cur- 
rently operating on a pilot basis, while workers are learning their respective 
tasks. The line will run on this basis for 50 units, after which it wiil go into reg- 
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Pigure 13.7 The leaming curve plots as a 
,nu0 N straight line on a log-log graph. 


TABLE 13.5 Typical Løarning Rates for Various Types of Work 


Type o f Work 

Typical Leaming Rate (%) 

Assembly, eiectrical harness 

85 

Assembly, electronic 

85 

Assembly, mechanical 

84 

Assembiy of protoiypes 


Inspection 

86 

Macbining 

90-95 

Sheet metal working 

90 

Welding 

85 


Souret 161,18!. 


ular production. (a) If the leaming rate for tasks of this type is 84% (Table 13.5), 
what will the task time be for the SOth unit and (b) for the lOOOth unit? 


Solution: (a)Todeterminc the task time forany numbered unit, we need iocompute the 
exponent m from Eq. (13.5). 


In (0.84) 
ln(2) 


-0.2515 


The task time for the SOth unit is found from Eq. (13 4): 

Tjo « 3.7f5(SO)-° 2515 = 3.75(0.3738) = 1.402 min 


(b)The task tinte for the lOOOth unit: 


T im - 3.75(iOOO)- ttMB - 0.660 min 


This example demonstrates the powerful effeet of leaming curves (manufacturing 
progress funetions) in manufacturing systems As mentioned, the leaming curve phenom- 
enon applies to both manual work as well as automated systems, if continuous imptovement 
is allowed to take place. 
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PROBLEMS 


Learning Curves 

13.1 A ccrtain electrical harness asscmhly job required 35.0 min to complete when a skilied work- 
er did it the first lime. The job will be performed to produce 100 bomesses. If the learning 
rate is85% {Table 13.5). what will the time be (a) for the lOth unit and (b) for the lOOth unit? 

13.2 A jobshop fabricatcd a prototype of a now produel ina total of 640direct labor hours,using 
a team of eight workers. Il charged the customera labor cost of $20/hr,plus an overheadof 
7054. plus a profil margin of 1 0 % above thai. for a total price of $23,936. (a) What was the 
profit (in dollars) for this job? (b) ff the shop fabricated a second prototype exaetly like the 
first one, using the same work team. and charged the customer the same total as it did for 
the first unit. what profit would the company make for that second prototype? Assume that 
learning occurred. Use Table 13.5 to cstimatc the learning rate. 

133 In an aircraft asscmhly plant.it took 54 min to assemble the 7th control panel. It took 49 min 
to assemble the I2th panel. If you developed a learning curve to predict assembly times for 
this operalion. (a) what would be the peicentage learning and (b) how long would it take to 
assemble the 25lh panel? 

13.4 One hundred units of a special pump product ars scheduled lo be made for a middle east- 
cm country to move water across the desert.The pumps are being assembled at one work- 
slalionby a team of four workers Time records for the first unit were not kept;howcver,the 
second and third units took 15.0 hr and 13.4 hr, respectively. to complete. Dctermine: (a) the 
percentage learning rate: (b) the most likely time il took to do the first unit; and (c) if the 
learning rate continues, how long il will take to complete the last unit (lOOth unit). 

13.5 Four units of a welded stcel product were assembled by one welder and one fitter in an arc 
weldir.g setup. Total time lo complete al) four units was 100 hr. If the learning rate applica- 
He to the fabrication of products of this type is known to be 85% {Table 13.5). how mueh time 
did each of the four units take? 

13.6 The learning curve phenomenon is one of the important reasons why an assembly line with 
n stations is capable of outproducing n single workstations, where each single station does 
ihe entirc work content of the job. Consider the case of a product whose theoretical work 
contenl lime for the first unit is 20 min.The effeet of an 84% learning rate ts to be compared 
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for two cases: 10 singte station manual cells, eacb doirg the entire assembly task. and one per- 
fectly balanced 10-station manual assembly line. where each station does 2.0 min of the total 
work conient. For the lOOOth unit produced, determine the rate of production of:(a) the 10 
single workstations and (b) the 10-station assembly line. 

13.7 A worker at a single station manual cell produces seven parts during the first day on a new 
job. and the seventhpart takes 45 min. The worker produces 10 parts on the second day, 
and the lOth part on the second day takes 30 min. Given this information, what is the per- 
centagc leaming rate? 

13.8 One of the great examples of the learning curve phenomenon was the improvement in labor 
horns per car at Ford Motor Company during the early years of Model T production. Dur¬ 
ing these years, assembly lines and other manufacturing systems were installed, and a vari- 
etv of process and methods improvements were made in the assembly of the Model T and 
the fabneation of its component parts. The table below presents data on scveral years of 
production of the Model T as the miprovemenls were being made [Data based on K. Williams 
et al.Ref. 9]. (a) What is the learning rate demonstrated by these data? (Hint: Tb find N for 
each year.use the midpoint of units produced; that is, for year 1909, which is assumed to be 
the first year of production, N - 14.000/2 = 7,000 and T-^ = 357 hr; for 1910, 
.V = 14.000 + 21 DOO/2 = 24300 and ■= 400 hr,and so on. Plot the data or use re¬ 
gression analysis to determine slope m. (b) Based on your result from part (a), what is your 
best guess for the time to assemble the very first unit (that is, find 7j)? 


Year 

Units Produced 

Average Labor (hr/unit) 

Selling Pric« <$) 

1909 

14,000 

357 

850 

1910 

21,000 

400 

950 

1911 

54.000 

222 

780 

1912 

83.000 

250 

690 

1913 

199,000 

216 

600 

1914 

250.000 

127 

550 

1915 

369,000 

123 

440 

1916 

585,000 

134 

360 
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CHAPTER CONTENTS 

14.1 Single Station Manned Workstations 

14.2 Single Station Automated Cells 

14.2.1 Enablers for Unattended Cell Operation 

14.2.2 Parts Storage Subsystem and Automatic Paris Transfer 

14.3 Applications 

14.3.1 Applications of Single Station Manned Cells 

14.3.2 Applications of Single Station Automated Cells 

14.3.3 CNC Machining and Turning Centers 

14.4 Analysis of Single Station Cells 

14.4.1 Number of Workstations Required 

14.4.2 Machine Clusters 

Single stations constitute ihe most common manufacturing system in industry.They oper¬ 
ale independently of other workstations in the factory. although their activities are coor- 
dinated with the larger production system. Single station manufacturing cells are used for 
either processing or assembly operations. They can be designed for single mode! produc¬ 
tion (where all parts or products made by the system are identical), for batch production 
(where different part styles are made in batches), or for mixed-model production (where 
different parts are made sequentially; i.e., not in batches) In our classification scheme of 
the previous chapter (Section 13.2), we identified the single station category as type I man¬ 
ufacturing systems. There are two forms of type I systems: 

1. Single station manned cell (type 1M) 

2. Single station automated cell (type IA). 
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These manufacturing systems are discussed in this chapter. We also examine two analysis 
issues thal must be considered in the planning of single station systems: (1) how many 
workstations are required to satisfv production requirements, and (2) how many machines 
can be assigned to one worker in a machine cluster. A machtre cluster is a collection of 
two or more idcntical or similar machines that are serviced by one worker. 


14.1 SINGLE STATION MANNED CELLS 

The single station man ned cell, the standard model for which consists of one worker tend- 
ing one machine, is probably the most widely used production method today. It dominates 
job shop production and batch production, and it is not uncommon even in high produc¬ 
tion. There are many reasons for its widespread adoption. 

• It requires the shortest amount of lime to implement. The user company can quick- 
ly launch production of a new part or product, while it plans and designs a more au¬ 
tomated production method. 

• It requires the least Capital investment of all manufacturing systems. 

• Technologically, it is the easiest system to install and operate. 

• FOr many situations, particularly for low quantities, it results in the lowest cost per 
unit produced. 

• In general, it is the most flexible manufacturing system with regard to changeovers 
from one part or product style to the next. 

In the one machine-one worker station (n « 1 ,w = 1), the machine is manually op- 
erated or semi-automated ln a manually operated station, the operator Controls the machine 
and loads and unloads the work. A typical processing example is a worker operating a stan¬ 
dard machine tool such as an engine lathe.drill press, or forge hammer.The work cycle re¬ 
quires the attention of the worker either continuously or for most of the cycle (e.g., the 
operator might relax temporarily during the cycle when the machine feed is en gaged on the 
lathe or drill press). An assembly example is a worker assembling components to a one-of- 
a kind printed Circuit board in an electronics plant.The task requires the constant atten¬ 
tion of the worker. 

The manually operated workstation also includes the case of a worker using band 
tools (e.g., screwdriver and wrench in mechanical assembly) or portable powered tools 
(e.g., powered hand-held drill, soldering iron, or arc welding gun). The key factor is that the 
worker perf orm s the task at one location (one workstation) in the factory. 

In a semi-automated station, the machine is controlled by some form of program, such 
as a part program that Controls a CNC machine tool during a portion of the work cycle, and 
the worker's function is simply to load and unload the machine each cycle and periodical- 
ly change cutting tools. In this case, the worker’s attendance at the station is required every 
work cycle, although the worker’s attention may not be continuously oceupied throughout 
the cycle. 

There are several variations from the standard model of a one machine-one worker 
station. Even though they do not perfectly fit the model, they are nevertheless best classi- 
fied as type IM workstations. First, the single station manned cell classification includes the 
case where two or more workers are needed full-time to operate the machine or to ac- 
complish the task at the workplace (n = 1, mi > 1). Examples include: 
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• two workers required to manipulate heavy forgings in a forge press 

• a welder and fitter working in an arc welding Setup 

• multiple workers combining their efforts to assemble one large piece of machinery 
at a single assembly station. 

Anothcr variation of the standard case occurs when there is a principal production 
machine plus other equipment in the station that supports the principal machine.The other 
equipment is clcarly subordinate to the main machine; otherwise, this situation should be 
classified as a type II or type III manufacturing system. Examples of clearly subordinate 
equipment indude: 

• drying equipment used to dry plastic molding powder prior to molding in a manual¬ 
ly operatcd injection molding machine 

• a grinder used at an injection molding machine to grind the sprues and runners from 
plastic moldings for recycling 

• trimmingshears used in conjunction with a forge hammer to trim flash from the forgings. 


14.2 SINGLE STATION AUTOMATED CELL 

The single station automated cell (type I A) consists of a fully automated machine capable 
of unattended operation for a time period longer than one machine cycle. A worker is not 
required to be at the machine except periodically to load and unload parts or otherwise tend 
it. Reasons why this system category is important include the following: 

• Labor cost is reduced compared with the single manned station. 

• Among automated manufacturing systems, the single station automated cell is the 
easiest and least expensive system toimplement. 

• Production rates are generally higher than for a comparable manned machine. 

• It often represents the first step in implementing an integrated multi-station auto¬ 
mated system The user company can install and debug the single automated ma- 
chines individually and subsequently integrate ihem (1) electronically by means of a 
supervisory computer system and/or (2) physically by means of an automated mate- 
rial handling system. Recall the automation migration strategv from Chapter 1 (Sec- 
tion 1.5.3). 

The issue of supporting equipment arises in single station automated cells, just as it 
does in manned single station cells. In the case of a fully automated injection molding ma¬ 
chine that uses drying equipment for the incoming plastic molding compound, the drying 
equipment clearly plays a supporting role to the molding machine. Other examples of sup¬ 
porting equipment in automated cells include; 

• A robot loading and unloading an automated production machine. The production 
machine is the principal machine in the cell, and the robot plays a supporting role. 

• Bo w] feeders and other parts feeding devices used to deliver componcnts in a single 
robot assembly cell. In this case, the assembly robot is the principal production ma¬ 
chine in the cell, and the parts feeders are subordinate. 
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Let us consider some of the technological features of this type IA manufacturing system, 
beginning with the enablers that make it possible. 

14.2.1 Enablers for Unattended Celf Operation 

A key feature of a single station automated cell is its ability to operate unattended for ex- 
tended periods of time.The enablers required for unattended operation in single and batch 
model production must be distinguished from those required for mixed model production. 

Enablers for Unattended Single Model and Batch Model Production. The 
technical attributes required for unattended operation of a single model or batch model cell 
are the following: 

• Programmed cycle that allows the machine to perform every step of the processing 
or assembly cycle automatically. 

• Parts storage subsystem and a supply of parts that permit continuous operation be- 
yond one machine cycle. The storage system must be capable of holding both raw 

' workparts and completed work units. This sometimes means that two storage units 
are required, One for the starting workparts and the second for the completed parts. 

• Automatic transfer of workparts between the storage system and the machine (auto- 
matic unloading of finished parts from the machine and loading of raw workparts to 
the machine); this transfer is a step in the regular work cycle. The parts storage sub¬ 
system and automatk transfer of parts are discussed in more detail in Section 14.2.2. 

• Periodic attention of a worker who resupplies raw workparts, takes away floished 
parts, changes tools as they wear out (depending on the process), and performs other 
machine tending functions that are necessary for the particular processing or assem¬ 
bly operation. 

• Built-in safeguards that protect the system against operating under conditions that 
may be (1) unsafe or destructive to itself or (2) destructive to the work units being 
processed or assembled. Some of these safeguards may simply be in the form of very 
high process and equipment reliability. In other cases, the cell must be fumished with 
the capability for error detectbn and recovery (Section 3.2.3). 

Enablers for Mixed Model Production. The preceding list of enablers applies to 
single model and batch model production. In cases when the system is designed to process 
or assemble a variety of part or product styles in sequence (i.e., a flexible manufacturing 
workstation), then the following enablers must be provided in addition to the preceding: 

• Work identification subsystem that can distinguish the different raw work units en- 
tering the station, so that the correct processing sequence can be used for that part 
or product style. This may take the form of sensors that can recognize the features 
of the work unit. Or the identification subsystem may consist of automatic identifi¬ 
cation methods such as bar codes (Chapter 12). In some cases, identica! starting work 
units are subjected to different processing operations according to a specified pro¬ 
duction schedule. If the starting units are identical, a workpart identification subsys¬ 
tem is unnecessary. 

• Program downloading capability to transfer the machine cycle program correspond- 
ing to the identified part or product style. This assumes that programs have been pre- 
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pared in advance for all part styles and that these programs are stored in the ma- 
chine control unit or that the control unit has access to thcm. 

• Quick setup changeover capabiluy so that the necessary workholding devices and 
other tools for each part are availabJe on demand. 

The same enablers that we have described here are required tor the unattended operation 
of workstations in multi-station flexible manufacturing systems discussed in later chapters. 

14.2.2 Parts Storage Subsystem and Automatic Parts Transfer 

The parts storage subsystem and automatic transfer of parts between the storage subsys¬ 
tem and the processing station are necessary conditions for a single station automated cell, 
that is, a cell that operates unattended for extended periods of time. The storage subsys¬ 
tem has a designed parts storage capacity n p . Accordingly, the cell can theoretically oper¬ 
ate unattended for a length of time given by: 


UT = n„T c (14.1) 

where UT = unattended time of operation of the manufacturing cell (min), n p - parts 
storage capacity of the storage subsystem (pc), and T e = cycle time of the automated work¬ 
station (min/pc).This assumes that one work unit is processed each cycle. In reality, the un¬ 
attended time of operation will be somewhat less than this amount (by one or more cycle 
times), bccause the worker needs time to unload all of the finished pieces and load start¬ 
ing work units into the storage subsystem. 

Capacities of parts storage subsystems range from one part to hundreds As Eq. (14.1) 
indicates, the time of unattended operation inereases directly with storage capacity, so there 
is an advantage in designing the storage subsystem with sufficient capacity to satisfy the 
plant’s operational objectivesTypical objectives include the following, expressed in terms 
of the time periods of unattended operation: 

• A fixed time interval that allows a worker to tend multiple machines 

• The time between scheduled tool changes, so that tools and parts can be changed 
during the same machine downtime 

• One complete shift 

• Ovemight operation, sometimes referred to as lighis out operation. The objective is 
to keep the machines running with no workers in the plant during the middle and/or 
night shifts 

Storage Capacity o f One Part■ The minimum storage capacity of a parts storage 
subsystem is one workpart. This case is represented by an automatic parts transfer mech- 
anism operating with manual loading/unloading rather than with a parts storage subsystem. 
An example of this arrangement in machining is a two-position automatic pallet changer 
(APC), used as the parts input/output interface for a CNC machining center. The APC is 
used to exchange pallet fixtwes between the machine tool worktable and the load/unload 
position. The workpans are clamped and located on the pallet fixtures, so that by accu- 
rately positioning the pallet fixture in front of the spindle, the part itself is accurately lo¬ 
cated. Figure 14.1 shows an APC setup for the manual unloading and loading of parts. 
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Figure 14.1 Automatic pallet changer integrated with a CNC ma- 
chining center, set up for manual unloading and loading of work- 
parts. At the completion of the machining cycle, the pallet currently 
at the spindle is moved onto the automatic pallet changer (APC), 
and the APC table is rotated 180° to move the other pallet into po¬ 
sition for transfer to the machine too! worktable. 

When the storage capacity is only one part, this usually means that the worker must 
be in attendance at the machine full-time. which makes this a type IM manufacturing sys¬ 
tem rather than a type IA. While the machine is processing one workpart, the worker is 
unloading the piece just finished and loading the next workpart to be processed.This is an 
improvement over no storage capacity, in which case the processing machine is not being 
utilized during unloading and loading. If T m - machine processing time and T, = worker 
service time (to perform unloading and loading or other tending duties), then the overall 
cycle time of the single station with no storage is 

T c = T m + T, (14.2) 

By contrast, the overall cycle time for a single station with one part storage capacity, such 
as the case in Figure 14.1,is 


T : = Max{T„, T,} + T, (14.3) 

where T, = the reposilioning time to move the completed part away from the processing 
head and move the raw workpart into position in front of the workhead. In most instances, 
the worker service time is less than the machine processing time, and machine utilization 
is high. If T, > T m , the machine experiences forced idle time during each work cycle, and 
this is undesirable. 

Storage Capaciiies Greater Than One. Larger storage capacities allow unat- 
tended operation, as long as loading and unloading of all parts can be accomplished in less 
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Figure 14.2 Alternative designs of parts storage subsystems that 
might be used with CNC machining centers: (a) automatic pallet 
changer with pallet holders arranged radially, parts storage capaci- 
ty = 5; (b) in-line shuttle cart system with pallet holders along its 
length, parts storage capacity = 16; (c) pallets held on indexing table, 
parts storage capacity = 6:and (d) parts storage carousel, parts stor¬ 
age capacity = 12. Key: MC = machining center. 


time than the machine processing time. Figure 14.2 shows several possible designs of parts 
storage subsystems for CNC machining centers The parts storage unit is interfaced with 
an automatic pallet changer. shuttle cart, or other mechanism that is interfaced directly 
with the machine tool. Comparable arrangements are available for tuming centers in which 
an industrial robot is commonly used to perform loading and unloading between the ma¬ 
chine tool and the parts storage subsystem. Pallet fixtures are not employed; instead, the 
robot uses a specially designed dual gripper (Section 7.3.1) to handle the raw parts and 
finished parts during the unioading/loading portion of the work cycle. 

In processes cther than machining, a variety of techniques are used to achieve parts 
storage. Ir many cases, the starting material is not a discrete workpart. The following ex- 
amples illustrate some of the methods: 

• Sheet metal stamping. In sheet metal pressworking, automated operation of the piess- 
is accomplished using a starting sheet metal coil, whose length is enough for hun¬ 
dreds or even thousands of stampings. The stampings either remain attached to the 
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remainder of the coil or are collected in a container- Periodic attention is required by 
a worker to change the starting coil and to remove the completed stampings. 

• Plastic injection molding .The starting molding compound is in the form of small pel¬ 
lets. which are loaded into a hopper above the heating barrel of the molding machine. 
The hopper contains enough material for dozens or hundreds of molded parts. Prior 
to loading into the hopper, the molding compound is often subjected to a drying 
process to remove moisture and this represents another material storage unit. The 
molded parts drop by gravity after each molding cycle and are stored temporarily in 
a container beneath the mold. A worker must periodically attend the machine to load 
molding compound into the dryer or the hopper (if no dryer is used) and to collect 
the molded parts 

• Plastic extrusion. Plastic extrusion operations are similar to injection molding except 
that the product is continuous rather than discrete. The starting material and the 
methods for loading into the extrusion machine are basically the same as for injec¬ 
tion molding.The product, if pliable, can be collected in a coil. If rigid, it is usually cut 
to standard lengths Either method can be automated to allow unattended operation 
of the extrusion machine. 

In single Station automated assembly systems, parts storage must be provided for 
each component as well as for the assembled work unit. A variety of parts storage and 
delivery systems are used in practice. We discuss these systems in Chapter 19 on auto¬ 
mated assembly. 

143 APPLICATIONS OF SINGLE STATION CELLS 

Single station cells are abundant. Most industrial production operations are based on the 
use of single station manned and automated cells. Let us distinguish the applications be- 
tween manned and automated single stations. 

14.3.1 Applications of Single Station Manned Cells 

Otir examples in Section 14.1 illustrate the variety of possible manually opcratcd and semi- 
automatic workcells (type I M manufacturing systems). Let us expand the list here: 

• A CNC machining center. The machine executes a part program for each part.The 
parts are identical. A worker is required to be at the machine at the end of each pro¬ 
gram execution to unload the part just completed and load a raw workpart onto the 
machine table. 

• A CNC tuming center.The machine executes a part program for each part.The parts 
are identical. A worker is required to unload finished parts and place them in a tote 
pan and then load raw parts from another tote pan. This is similar to the preceding 
machining center, but a different machining process is performed. 

• Same as the preceding except the parts are not identical. In this case, the machine op¬ 
erator must call the appropriate part program and load it into the CNC control unit 
for each consecutive workpart. 

• A cluster of two CNC tuming centers, each producing the same part but operating in- 
dependently from its own machine control unit. A single worker attends to the load- 
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ing and unloadingof both machines.The part programs are long enough relative to 
the load/unload portion of thc work cyclc (hat this can be accomplished without 
forced machine idle time. 

• A plastic injection molding machine on semi automatic cycle, with a worker present 
to remove the molding,sprue, and runner system when the mold opens each mold- 
ing cyclc. Parts are placed in a box hy the worker. Anorher worker must periodical- 
ly exchange the tote box and resupply molding compound to the machine. 

• A worker al an electronics assembly workstation placing components onto printed 
Circuit boards in a batch operation. The worker must periodically delay production 
and replace the supply of components that are stoTed in tote bins at the station. Start¬ 
ing and finished boards are stored in magazines that must be periodically replaced by 
another worker. 

• A worker at an assembly workstation performing mechanical assembly of a sim¬ 
ple product (or subassembly of a produci) from components located in tote bins 
at the station. 

• A stamping press that punches and forms sheet metal parts from flat blanks in a stack 
ncar the press. A worker is required to load tlve blank into the press, aetuate the press, 
and then remove ihe stamping each cycle. Completed stampings are stored in four- 
wheel trucks that have been especially dcsigncd for the part. 

14.3.2 Applications of Single Station Automated Cells 

Following are examples of single station automated cells. We have taken each of the pre- 
ceding examples of type I M cells and converted them to a type IA cell. 

• A CNC machining center with parts carousel and automatic pallet changer.as in thc 
layout of Figure 14.2(d).The parts are identical. and the machining cycle is controlled 
by a part program. Each part is held on a pallet fixture. The machine cuts the parts 
one-by-one. When all of the parts in the carousel have been machined, a worker re- 
moves the finished pieces from the carousel and loads starting workparts. Loading and 
unloading of the carousel can be performed while the machine is operating. 

• A CNC tuming center with parts storage tray and robot. The rohot is equipped with 
a dual gripper to unload the completed piece and load a starting workpart from the 
parts storage tray each cycle. The parts storage tray can hold a certain quantity of 
parts. In effeet. this is the same case as the CNC machining center, just a different 
machining process. 

• Same as the preceding except the parts are not identical. In this case, the appropri- 
ate part program is automatically downloaded to the CNC Control unit for each con- 
secutive workpart, based on either a given production Schedule or an automatic part 
recognition system that identifies the raw part. 

• A cluster of len CNC tuming centers, each producing a different part. Each work¬ 
station has its own parts carousel and robotic arm for loading and unloading between 
the machine and the carousel. A single worker must attend all ten machines by peri¬ 
odically unloading and loading the storage carousels. The time required to service a 
carousel is short relative to the time each machine can run unattended, so all ten ma- 
chincs can be serviced witli no machine idle time. 

• A plastic injection molding machine on automatic cycle, with mechanical arm to en- 
sure removal of the molding, sprue, and runner system each molding cycle. Parts are 
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Figure 14.3 Stamping press on automatic cycle producing stamp¬ 
ings from a sheet metal coil. 


collected in a tote box bcneath the mold. A worker must periodically exchange the 
tote box and rcsupply molding compound to the machine. 

• An automated inserlion machine assembling electronic components onto printed Cir¬ 
cuit boards in a batch operation. Starting boards and finished boards are stored in 
magazines for periodic rcplacement by a human worker. The worker must also peri- 
odically replace the supply of components, which are stored in long magazines. 

• A robot ic assembly cell consisting of one robot that assembles a simple product (or 
su bassembly of a product) from components presented by several parts deli very sys¬ 
tems (e.g., bowl feeders). 

• A stamping press that punches and forms small sheet metal parts from a long coil, as 
depicted in Figure 14.3.The press operates at a rate of 180 cycles/min.and 9000 parts 
can be stamped from each coil.The stampings are collected in a tote box on the out¬ 
put side of the press. When the coil runs out, it must be replaced with a new coil,and 
the tote box is replaced at the same time. 

14.3.3 CNC Machining and Turning Centers 

Several of our application examples of single station manufacturing cells consisted of CNC 
machining centers and turning centers. Let us discuss this important class of machine tool, 
which was identified in Section 6.4.1. The machining center, developed in the late 1950s 
before the advent of computer numerical control (CNC), is a machine tool capable of per- 
forming multiple machining operations on a workpart in one setup under NC program 
control. Today’s machining centers are CNC. Typical cutting operations performed on a 
machining center are those that use a rotating cutting tool.such as milling. drilling.ream- 
ing, and tapping. 

Machining centers are ciassified as vertical, horizontal, or universal. The designation 
refers to the orientation of the machine spindle. A vertical machining center has its spin¬ 
dle on a vertical axis relative to the worktable, and a horizontal machining center has its 
spindle on a horizontal axis.This distinetion generally results in a difference in the type of 
work that is performed on the machine. A vertical machining center is typically used for 
flat work that requires tool access from the top. A horizontal machining center is used for 
cubc-shaped parts where tool access can best be achieved on the sides of the cube. Universal 
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machining centen have workheads that swivel their spindle axes to any angle between 
horizontal and vertical, thus making this a very flezible machine tool. 

Numerical control machining centers are usually designed with features to reduce 
nonproductive time.These features include the following: 

• Automatic tool-changing. A variety of machining operations means that a variety of 
cuttingtoolsis requiredThe tools are contained in a tool storage unit that is integrated 
with the machine tool. When a cutter needs to be changed.the tool drum rotates to 
the proper position, and an automatic tool changer (ATC), operating under part pro¬ 
gram control, exchanges the tool in the spindle for the tool in the tool storage unit. 
Capacities of the tool storage unit commonly range from 16 to 80 cutting tools. 

• Automatic workpart positioning. Many horizontal and universal machining centers 
have the capability to orient the workpart relative to the spindle. This is accomplishcd 
by means of a rotary table on which the workpart is fixtured.The table can be ori¬ 
ented at any angle about a vertical axis to permit the cutting tool to access almost the 
entire surface of the part in a single setup. 

• Automatic pallet changer. Machining centers are often equipped with two (or more) sep¬ 
arate pallet s that can be presented to the cutting tool using an automatic pallet chang¬ 
er (Section 14.2.2). While machining is being perfonned with one pallet in position at 
the machine, the other pallet is in a safe location away from the spindle. In this safe lo¬ 
cation, the operator can unload the finished part from the prior cycle and then fixture 
the raw workpart for the next cycle while the current workpiece is being machined. 

A numerically controlled horizontal machining center, with many of the features de- 
scribed above, is shown in Figure 14.1. 

The success of NC machining centers moti vated the development of NC luming cen¬ 
ters. A modem A IC tuming center , Figure 14.4, is capable of performing various tuming 



Figure 14.4 Front view of a CNC tuming center showing two tool 
turrets. one for single point tuming tools and the other for drills and 
similar tools.Turrets can be positioned under NC control to cut the 
workpiece. 
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and related operations, contour tuming, and automatic tool indexing, all under computer 
Control. In addition, the most sophisticated turning centers can accomplisti: (1) workpart 
gaging: checking key dimensions after machining, (2) tool monitoring: sensing when the 
tools are wom, (3) automatic tool changing when tools become worn, and (4) automatic 
workpan changing at the completion of the work cycle. 

Another developmeni in NC machine tool technology is the mill-turn center. This 
machine has the general configuration of a tuming center. However, it also has the capa- 
bility to position a cylindrical workpart at a specified angle so that a rotating cutting tool 
such as a milling cutter can machine features into the outside surface of the part, as illus- 
trated in Figure 14.5. The mill-tum center has the traditional x- and z-axes of an NC lathe. 
In addition, orientation of the work provides a third axis, whilc manipulation of the rota¬ 
tional tool with respect to the work provides two more axes. A conventional NC tuming 
center does not have the capability to stop the rotation of the workpart at a defined angular 
position, and it does not possess rotating tool spindles. 

CNC machining centers, tuming centers, and mill-turn centers can be operated ei- 
ther as type IM or type 1A manufacturing systems Whether a center operates with a work- 
er in continuous attendance or as an automated single station depends on the existence of 
an integrated parts storage subsystem with automatic transfer of workparts between the ma¬ 
chine tool and the storage unit.These machine tools can also be used in flexible machine 
cells (type II M and type IIA manufacturing systems, Chapters 15 and 16). 



Figure 14.5 Operation of a mill-tum center: (a) example part with 
tu med, milled, and drilled sutfaces; and (b) sequence of cutting op¬ 
erations: (1) turn smaller diameter; (2) miil flat with part in pro- 
grammed angular position, four positions for square cross-section; 
(3) drill hole with part in programmed angular position, and (4) cut- 
off of the machined piece. 
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14.4 ANALYSIS OF SINGLE STATION SYSTEMS 

Two analysis issues related to single station manufacturing systems are the determination 
of: (1) the number of single stations required to satisfy specified production requirements 
and (2) the number of machines to assign to a worker in a machine cluster. 

14.4.1 Number of Workstations Required 

Any manufacturing system must be designed to produce a specified quantity of parts or 
products at a specified production rate. In the case of single station manufacturing sys¬ 
tems, this may mean that more than one single station cell is required to achieve the spec- 
ifications. The problem we address here is to determine the number of workstations 
required to achieve a given production rate or produce a given quantity of work units. The 
basic approach is:(l) determine the total workload that must be accomplished in a certain 
period (hour, week,month,year), where workload is defined as the total hours required to 
cotnplete a given amount of work or to produce a given number of work units scheduled 
during the period: and (2) then divide the workload by the hours available on one work¬ 
station in the same period. 

Workload is figured as the quantity of work units to be produced during the period 
of interest multiplied by the time (hours) required for each work unit. The time required 
for each work unit is the cycle time on the machine, in most cases, so that workload is given 
by the following: 


WL = Q T c (14.4) 

where WL = workload scheduled for a given period (hr of work/hr or hr of work/wk), 
Q = quantity to be produced during the period (pc/hr or pc/wk, etc.), and T c = cyclctimc 
required per piece (hr/pc). If the workload includes multiple part or product styles that can 
all be produced on the same type of workstation, then the following summation can be used: 

WL = X Q,T,i (14.5) 

i 

where Q : = quantity of part or product style j produced during the period (pc), T cj = cycle 
time of part or product style j (hr/pc), and the summation includes all of the parts or prod¬ 
ucts to be made during the period. In step (2) the workload is divided by hours available 
on one station; that is, 


(14.6) 


where n = number of workstations, and AT - available time on one station in the period 
(hr/period). Let us illustrate the use of these equations with a simple example and then 
consider some of the complkations. 

EXAMPLE 14.1 Determining the Number of Workstations 

A total of 800 shafls must be produced in the lathe section of the machine shop 
during a particular week. Each shaft is identical and requires a machine cycle 
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time T c — 11.5 min. All of the lathes in the department are equivalent in terms 
of their capahility to produce the shaft in the specified cycle time. How many 
lathes must be devoted to shaft production during the given week, if there are 
40 hr of available time on each lathe? 

Solution: The »orkload consists of 800 shafts at 11.5 min/shaft. 

WL = 800(11.5 min) = 9200 min = 153.33 hr. 

Time available per lathe during the week AT = 40 hr. 

" ~ = 3.83 lathes 

40 

This calculated value would probably be rounded up to four lathes that are as- 
signed to the production of shafts during the given week. 


There are several factors present in most real life manufacturing systems that complicate 
the computation of the number of workstations. These factors include: 

• Selup lime in batch production■ During setup. the workstation is not producing. 

• Avai/abiifty.This is a reliability factor that reduces the available production time. 

• Utilization. Workstations may not be fully utilized due to scheduling problems, lack 
of work for a given machine type, workload imbalance among workstations, and 
other reasons. 

• Worker efficiency. This occurs when the work is highly manual, and the worker per- 
forms either above- or below-standard performance for the given task. 

• Def eet rate. The output of the manufacturing system may not be 100% good quality. 
Defeclive units are produced at a certain fraction defeet rate. This must be account- 
ed for by inereasing the total number of units processed. 

These factors affeet how many workstations or workers are required to accomplish a given 
work load.They influence either the workload or the amount of time available at the work¬ 
station during the period of interest. In addition, the workload may also be affeeted by the 
leaming curve phenomenon, as discussed in Section 13.4. 

Setup time in batch production occurs between batches because the tooling and fix- 
turing must be changed over from the current part style to the next part style, and the 
equipment controller must be reprogrammed. Time is lost when no parts are produced 
(except perhaps trial parts to check out the new selup and program). Yet it consumes avail¬ 
able time at a workstation. The following two examples illustrate two possible ways of 
dealing with the issue, depending on the information given. 

EXAMPLE 14.2 Induding Setup Time in Workstation Calculations: Case 1 

In previous Example 14.1, suppose that a setup will be required for each lathe 
that is used to satisfy the production requirements. The lathe setup for this type 
of part takes 3.5 hr. How many lathes are required during the week? 

Solution: In this problem formulation, the number of hours available on any lathe used for 
the shaft order is reduced by the setup time. Hence AT = 40 - 3.5 = 36.5 hr. 
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The worktoad to actually produce the parts remains the same 153.33 hr. Hence, 

n = = 4.20 lathes 

36.5 

This would mund up to five lathes that must bc devoted to the shaft job.That’s 
a shame. because the lathes will not bc fully utilized. With five lathes, utiliza 
tion will bc: 

U = —= 0.840 (84.0%) 

Given this unfortunale result, it might be preferable to offer overtime to the 
workers on four ol the lathes. How mueh overtime above the regular 40 hr will 
be required? 

OT = ^3.5 + ) - 40 = (3.5 + 38.33) - 40 = 1.83 hr 

This is a total of 4(1.83 hr) = 7.33 hr for the four machine operators. 


EXAMPLE 14.3 Induding Setup Time in Workstation Calculations: Case 2 

This isanother variation of Example 14.1. A total of 800 shafts must be produced 
in the lathe section of the machine shop during a particular week. I'he shafts are 
of 20 different types, each type being produced in its own batch. Average batch 
size is 40 parts. Each batch requires a Setup and the average setup time is 3 5 hr. 
The average machine cyde time to produce a shaft /; = 11.5 min. How many 
lathes are required during the week? 

Solution; In this case wc know how many setups are required during the week, because 
we know how many batches will be produced: 20. We can determine the work- 
load for the 20 setups and the workload for 20 production batches. 

WL = 20(3.5) + 20(40)(U.5/60) = 70 + 153.33 = 223.33 hr 
Given thai each lathe is available 40 hr/wk (since setup is includcd in the work¬ 
load calculation). 


Again.roundingup, the shop would have to dedicate six lathes to the shaft work. 


Availability and utilization (Section 2.4.3) tend to reduce the available time on the 
workstation. The available time becomes the actual clock time in the period multiplied by 
availability and utilization. In equation form, 

AT = TAV (14.7) 

where AT = available time (hr). T = actual clock time during the period (hr). A - avail¬ 
ability; and U = utilization. A and V are expressed as decimal fractions. 
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Worker efficiency is de fined as the number of work units actually completed by the 
worker in a given time period divided by the number of units that would be produced at 
standard performance. If standard performance is 40 pieces per 8-hr shift,and the worker 
actually produces 48 pieces during the shift, then the worker’s efficiency is 48/40 = 1.20 or 
120%. An efficiency greater than 1.00 reduces the workload, while an efficiency less than 
1.00 increases the workload. Worker efficiency is a factor in manned systems but can be ne- 
glected in automated systems. 

Defect rate is the fraction of parts produced that are defective. We discuss the issue 
of fraction defect rate in more detail later (Section 22.5). A defcct rate greater than zero 
increases the quantiiy of work units that must be processed in order to yield the desired 
quantity. If a process is known to produce parts at a certain average scrap rate, then the 
starting batch size is increased by a scrap allowance to compensate for the defective parts 
that will be made. The relationship between the starting quantity and the quantity pro¬ 
duced is the following: 


Q = QÅ l - q) (14.8) 

where Q = quantity of good units made in the process, Q„ = original or starting quanti¬ 
ty, and q = fraction defect rate. Thus, if we want to produce Q good units, we must process 
a total of Q 0 starting units, which is 


g 

(1-9) 


(14.9) 


The combined effect of worker efficiency and fraction defect rate is given in the fol¬ 
lowing equation, which amends the workload formula, Eq. (14.4): 


EJ 1 ~q) 

where E w = worker efficiency. expressed as a fraction, and q = fraction defect rate. 


EXAMPLE 14.4 Including Availability, UtiBzation, Efficiency, and Defect Rate 
in the Calculations 

Suppose in Example 14.3 that the anticipated availability of the lathes is 95%, 
and the expected utilization for calcuiation purposes is 100%. The expected 
worker efficiency during production = 110% and during setup = 100%. The 
fraction defect rate for iathe work of this type is 3%. Other data from Example 
14.1 are appiicable. How many lathes are required during the week, given this 
additional information? 

Solution: When there is a separation of tasks between two or more types of work (in this 
problem, setup and run are two separate types of work), we must be careful to 
use the various factors only where they are appiicable. For example, fraction 
defect rate does not apply to the setup time. Availability is aiso assumed not to 
apply to setup. (How can the machine break down if it's not running?) We see 
that the worker efficiencies differ between setup and run. Accordingly, it is ap- 
propriate to compute the number of equivalent workstations for setup sepa- 
raiely from the number for running production. 
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For setup, the workload is simply the time spent performing the 20 setups. 
adjustcd by the worker efficiency (in this case. worker efficiency is 1.0): 
20(3.5) 

WL = ■ ~ = 70.0 hr 


The available hours during the week are 

AT = 40(1.0'j(1.0) = 40 

Thus, the number of lathes required just for setup is determined as follows: 
70 

nisetup) = — = 1.75 lathes 


The total workload for the 20 production runs is, from Eq. (14.10): 
20(40)(11.5/60) 


WL = 7 


r = 143.7 hr 


(1.10)(1 - 0.03) 

The available time is affected by the 95% availability: 

AT = 40(0.95) = 38 hr/machine 


Total machines required = 1.75 + 3.78 = 5.53 lathes 

This should bc rounded up to six lathes. unless the remainiiig time on the 
sixth lathe can be used for other production. 

Note that the rounding up should occur after adding the muehine frac- 
tions; otherwise, we risk overestimating machine requiremenis (not in this 
problem, however). 


14.4.2 Machine Clusters 

When the machine in a Ringle workstation does not require the continuous attention of a 
worker during its semi-automatic machine cycle. an opportunily exists to assign more than 
one machine to the worker. The workstation is still classified as lype I M because opera¬ 
tor attention is required every work cycle. However, the manning level of the workstation 
is redueed from M = I to Af = -i- where n = # machines assigned lo the worker. This 
kind of machine organization has sometimes been referred to as a "machine cell”; howev¬ 
er, we are more comfortable witta the term machine cluster. A machine cluster is defined 
here as a collection of two or more machines producing parts or products with identical 
cycle times and is servieed (usually loaded and unloaded) by one worker. By contrast, a ma¬ 
chine cell consists of one or more machines organized to produce a fami ly of parts or prod¬ 
ucts. Machine clusters are classified as type I systems, whereas machine cells are classified 
as type TI. We discuss machine cells in Chapters 15 and 16. 

Several conditions must be satisfied to organ i ze a collection of machines into a ma¬ 
chine cluster: (1) the semi-automatic machine cycle is long relative to the service portion 
of the cycle that requires the worker’s attention: (2) the semi-automatic machine cycle lime 
is the same for all machines; (3) the machines that the worker would service are located in 
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close enough proximity to allow tim e to waik between them; and (4) the work rules of the 
plant permit a worker to service more than one machine. 

Consider a collection of single workstations.all producing the same parts and oper¬ 
ating on the same semi-automatic machine cyde time. Each machine operates for a certain 
portion of the total cycle under its own control T m (machine cycle), and then it requires ser- 
vicing by the worlcer.-which takes (ime T,. Thus, assuming the worker is always availabte 
when servicing is needed, so that the machine is never idle, the total cycle time of a machine 
is T t = .T„ + T,.If more than one machine is assigned to the worker, a certain amount of 
time will be lost because of walking from one machine to the next, referred to here as the 
repositioning time T,. The time required for the operator to service one machine is there- 
fore T, + T ,. and the time to service n maebines is n(T, + T,)- For the system to be per- 
fectly balanced in terms of worker time and machine cycle time, 

«(T, + 7-,) - T. + T, 

We can determine from this the number of machines that should be assigned to one work¬ 
er by solving for 


(14.11) 


where n = number of machines, T m = machine semi-automatic cycle time (min), 
T s = worker service time per machine (min), and T, = worker repositioning time between 
machines (min). 

It is likely that the calculated value of n will not be an integer, which means that the 
woTker time in the cycle, that is, n(T, + T,),cannot be perfectly balanced with the cycle 
time T c of the machines. However, the actual number of machines in the manufacturing sys¬ 
tem must be an integer, so either the worker or the machines will experietice some idle 
time. The number of machines will either be the integer that is greater than n from Eq. 
(14.11) or it will be the integer that is less than n. Let us identify these two integers as rt| 
and n ? . We can determine which of the alternatives is preferable by introducing cost fac¬ 
tors into the analysis. Let C L = the labor cost rate and C m = machine cost rate (certain 
overheads may be applicable lo these rates, see Section 2.5.3). The decision will be baseel 
on the cost per work unit produced by the system. 


Case 1: If we use n, = maximum integer ^ n, then the worker will have idle time, and the 
cycle lime of the machine cluster will be the cycle time of the machines 
T c = T m + T,. Assuming one work unit is produced by each machine during a 
cycle, we have the following cost: 


+ C m j(r m + 7J (14.12) 

where Cpr(n,) = cost per work unit ($/pc), C L = labor cost rate ($/min), C m = cost rate 
per machine ($/min), and (T m + T<) is expressed in minutes. 


Case 2: If we use n 2 = minimum integer > n, then the machines will have idle time, and 
the cycle time of the machine cluster will be the time it takes for the worker to 
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service ihe n; machines. which is /ij(7' s + T,). The corresponding cost per piece 

CJn,) • (Q + C.-iJP’, + T.) (14.13) 

The selectior. of «, or n-, is based on whichever case results in the lower vaiue of cost 
per work unit. 

In the absence of cost data needed to make these calculations the authors view is that 
it is generally preterable to assign machines to a woTker such that the worker has some idle 
time and the machines are utilized 100%. The reason for this is that the total hourly cost 
rate of n production machines is usually greater than the labor rate of one worker.There- 
fore, machine idle lime costs more than worker idle time. The corresponding number of ma¬ 
chines lo assign the worker is thereforc given by: 

T m + T 3 

= maximum integer < + ~ (14.14) 

EXAMPLE 14.5 How Many Machines for One Worker? 

A machine shop contains mnny CNC lalhcs that operate on a scmi-automatic 
machining cycle under pari program control. A significant number of these ma¬ 
chines produce the same part. whose machining cycle time = 2.75 min. One 
worker is required to perform unloading and loading of parts at the end of each 
machining cycle. This takes 25 sec. Delermine how many machines one work¬ 
er can service if il takes an averagc of 20 sec to walk between the machines and 
no machine idle lime is allowed. 

Solution; Given that T m = 2.75 min, T s = 25 sec = 0.4167 min, and 

T, = 20sec = 0.3333 min.Eq. (14.14) can be used to obtain n,: 

( 2.75 + 0.4167 3.1667 . 

", ‘ ma “ s 104167 + 0.3333 " “ojT ’ 4 ' 22 J ’ 4 machto “ 
Each worker can be assigned four machines. With a machine cycle 
T e = 3.1667 min, the worker will spend 4(0.4167) = 1.667 min servicing the 
machines, 4(0.3333) = 1.333 min walking between machines, and the worker’s 
idle time during the cycle will be 0.167 min (10 sec). 


Note the regularity that exists in the worker's Schedule in this example. If we imag- 
ine the four machines to be laid out on the four comers of a square, the worker services each 
machine and then proceeds clockwise to the machine in the next comer. For each cycle,ser¬ 
vicing and walking take 3.0 min, with a slack time of 10 sec left over. 

If this kind of regularity characterizes the operations of a cluster of single station au¬ 
tomated cells (or. for that malter, a cluster of multiple station automated systems), then the 
same kind of analysis can be applied to determine the number of cells (or systems) to as¬ 
sign to one worker. If.on the other hånd, servicing is required at random and unprecfictable 
intervals by each ccll, then there will be periods when several cells require servicing si- 
multaneously.overloading the capabilities of the human worker; whereas in other periods, 
the worker will have no cells to service. Queucing analysis is appropriate in this case of ran¬ 
dom service requirements. 



416 Chap. 14 / Single Station Manufacturing Ce;ls 

REFERENCES 

[1 ] AkOnson, R.'Tunung's Just the Beginning.'' Manufacturing Engineering, June, 1999, pp. 42-53. 
[21 Aronson. R..*'Cclls and Centers." Manufacturing Engineering, Fchruary. 1999, pp. 52-60. 

[3] DROWA.T.J .and WlCK,C..,(Editors), Tool and Manufacturing Engineers Handbook,Fourth 
Edition, Vohtnte /: Machining, Society of Manufacturing Enginecrs, Dcarborn, Michigan, 1963. 


PROBLEMS 


Unattended Operation 

14.1 A CNC machining center has a programmed cycle time = 25.0 min for a certain part. The 
time to unload the finished part and load a starting work unit »5.0 min. (a) If loading and 
unloading are done directly onto the machine tool table and no automatic storage capacity 
exists at the machine, what are the total cycle time and hourly production rate? (b) If the ma- 
chinc. tool has an automatic pallet changer so that unloading and loading can be accom- 
plished while the machine is culting anolher part, what are the total cycle time and hourly 
production rate? (c) If the machine tool has an automatic pallet changer that inlerfaces with 
a parts storage unit whose capacity is 12 parts, and the repositioning time = 30 sec, what 
are the total cycle time and hourly production rate? Also, how long does it take to perform 
the loading and unloading of parts by the human worker, and what is the time the machine 
can operate unattended between parts changes? 


Determining Workstation Requfrements 

14.2 An emergency situation has occurred in the railling department because Ihe stup carrying a 
certain quantity of a required part from an overseas supplier sank on Friday evening. A cer¬ 
tain number of machincs in the department must therefore be dedicated to the production 
of this part during the nexi week.A total of 1COO of these parts must be produced.and the 
production cycle time per part * 16.0 min. Each milling machine used for this emergency 
production job must first be set up, which takes 5.0 hr. A scrap rate of 2% can be expected. 
(a) If the production week consists of 10 shifts at 8.0 hr/shift. how many machines will be 
required? (b) It so happens that only two milling machmes can be spared for this emergency 
job.due to other priority jobs ir the department .To cope with the emergency situation, plant 
management has authorized a three-shift operation for 6 days next week. Can the 1000 re- 
placement parts be compfetcd within these constraints? 

14.3 A machine shop has dedicated one CNC machining center to the production of two parts 
(A and B) used in the final assembly of the company's main product. The machining center 
is equipped with an automatic pallct changer and a parts carousel that holds ten parts. One 
thousand units of the product are produced per year, and one of each part is used in the 
product. Part A has a machining cycle time of 50 min. Part B has a machining cycle time of 
80 min. These cycle times include the operation of the automatic pallet changer. No other 
changeover time is lost between parts. The anticipated scrap rate is zero.The machining 
center is 95% reliable.The machine shop operates 250 day/yr. How many hours,on average, 
must the CNC machining center be operational each day to supply parts for the product? 

14.4 Future production requirements in a machine shop call for several automatic bar machines 
to bc acquired to produce three new parts (A, B. and C) that have been added to the shops 
product line. Annual quantities and cycle times for the three parts are given in the table 
below.The machine shop operates one 8-hr shift for 250 day/yr. The machines are expect- 
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ed to hc 95% reliable. and the s trap rate is 3%. How many automatic bar machines will bc 
required to itieet the specified annual demand for thc three new parts? 


Part 

Annual Demand 

Machining Cycle Time (min) 

A 

25.000 

5.0 

B 

40,000 

7.0 

C 

50.000 

10.0 


14.5 A single product plant will operale 250 day/yr using a single 8-hr shift cach dav. Sales re- 
quirements arc 100.000 units/yr. The product consists of two major components: A and B 
(onc of cach component goes into each product). The operations required to produce each 
componem are given in the table below as are the associated standard time and scrap rates. 
Equipment utilization is expected to bc 90% during each 8-hr shift. Determine how many ma- 
ehines are required of each typc.assuming that a product layout will be used.Therefore, no 
machine will bc shared between operations, thus climinating the need for setup changes. 


Component 

Operation 

Machine 

Production 
Time (min/pc) 

Scrap Rala (%) 

A 

! 

Lathe 

7.0 

3 

A 

2 

Millmg machine 

10.0 

5 

B 

3 

Lathe 

5-0 

3 

B 

4 

Milling machine 

13.0 

6 

B 

5 

Drill 

4.0 

4 


14.6 A certain type of machine will be used to produce three products: A, B, and C. Sales fore- 
casts for the se products are: 52,000.65,000.and 70.000 units yr.respectively. Production rates 
for the three products are. respectivcly, 12,15, and 10 pc hr; and scrap rates are, respective- 
ly, 5%, 7%, and 9%.The plant will operate 50 wk/yr, 10 shifts/wk, and 8 hr/shifl. It is antic- 
ipated that production machines of this type will be down for repairs on average 10% of the 
time. How many machines will be required to meet the demand .’ 

14.7 A plastic injection molding plant will he built to produce 6 million molded parts per yeai. 
The plant will run three 8-hr shifts per day, 5 day/wk, 50 wk/yr. For planning purposes, the 
average order size = 5000 mnldings. average changeover time between orders = 6 hr, and 
average molding cycle time per part = 30 sec Assume scrap rale = 2%, and average up- 
time proportion (reliabUity) per molding machine = 97%, which applies to both run time and 
changeover time. How many molding machines are required in the new plant? 

14.8 A stamping plant musi be designed to supply an automotive engine plant with shect metal 
stampings The plant will operate one 8-hr shift for 250 day/yr and must produce 15,000,000 
good cuality stampings annually.Batch size = 10/XX) good stampings produced per hatch. 
Scrap rate = 5%. On average, it takes 3 0 sec to produce each stamping when the piesses 
are running. Before each batch, the press must be set up, and it takes 4 hr to accomplish 
each setup. Presses are 90% reliable during production and 100% reliable during Setup. How 
many presses are needed? 

14.9 A new forging plant must supply parts to the automotive industry. Because forging is a hot 
operation, the plant will operate 24 hr/day. five day/wk. 50 wk/yr. Total output from the 
plant must hc I0.000.0uu forgings/yr in batches of 1250 parts/batch. Anlicipated scrap 
rate - 3%. Each torgir.g cell will consist of a furnace to heat the parts, a forging press, and 
a trim press. Parts are placed in the furnace an hour prior to forging; they are then removed 
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and forged and lrimmed one at a lime. On averagc ihe forging and trimming cycle lakes 
0.6 min to complete one part. Each time a new batch is siarted, the forging ceil must be 
changed over, which consists of changing the forging and trimming dies for the next part 
styte 1t takes 2.0 hr on average to complete a changeover bet ween balches. Each cell is con- 
sidered to be 96% rehable during operation and 100% reliable during changeover. Determine 
the number of foring cells that will be required in the new plant. 

14.10 A plastic extrusion plant will be built to producc 30 million meters of plastic extrusions per 
year.The plant will run three 8-hr shifts per day, 360 day/yr. For planning purposes, the av¬ 
erage run .engtb = 3000 meters of extruded plastic. The average changeover time between 
runs — 2.5 hr. and average extrusion speed = '.5 m/min. Assume scrap rate = 1%, and av¬ 
erags uptime proportion per extrusion machine = 9591 during run time. Uptime propor¬ 
tion during changeover is assumed to be 100%. Ff cach extrusion machine requires 500 sq. 
ft of floor space, and there is an allowance of 40% for aisles and Office space, what is the 
total area of the extrusion plant? 

Machine Clusters 

14.11 The CNC grinding section has a large number of machines devoted to grinding of shafts for 
the automotive industry.The grinding machine cycle takes 3.6 min. At (hc end of this cycle, 
an operator must be present to unload and load parts, which lakes 40 scc. (a) Determine 
how many grinding machines the worker can service if it takes 20 sec to walk between the 
machines and no machine idle time is allowed. (b) How many seconds during the work cycle 
is the worker idle? (c) What is the hourly production rate of this machine cluster? 

14.12 A worker is currently responsiNe for tending two machines (/t *= 2) in a machine cluster. 
The service time per machine T, = 0.35 min. and the time lo walk between machines 
T, = 0.15 min. The machine automatic eyele time T„ - 1.90 min. If the worker’s hourly 
rate = $12/hr and the hourly rate for each machine = $18/hr, determine: (a) the currenl 
hourly rate for the cluster and (b) the current cost per unit of product. given that two units 
are produced by each machine during each machine cycle. (c) What is the percentage idlc 
time of the worker? (d) What is the optimum number of machines that should be used in the 
machine cluster, if minimum cost per unit of product is the decision criterion? 

14.13 In a machine cluster, the appiopriate number of production machines to assign to the work- 
er is to be determined. Let n - the number of machines. Each production machine is tden- 
tical and has an automatic processing time T„ = 4.0 min.The servicing time T, = 12 sec for 
each machine. The full cycle time for each machine in the cell is T, = T, + T„. The walk 
time for the worker is given by T, = 5 + 3n, where T, is in seconds. T, inereases with n be- 
cause the distance between machines inereases with more machines. (a) Determine the 
maximum number of machines in the cell if no machine idle time is allowed. For your an- 
swer. compute (b) the cycle time and (c) the worker ldle time expressed as a percentage of 
the cycle time. 

14.14 An industrial robol will service n production machines in a machine cluster. Each produc¬ 
tion machine is identical and has an automatic processing time T„ = 50 sec. The robot ser¬ 
vicing time for each machine is given by the equation T, = 10 + 4n, where T, is the servicing 
time in seconds. T, inereases with n because more time is needed to move the robot arm as 
n inereases. The full cycle time for each machine in the cell is T c - T, + T„. (a) Determine 
the maximum number of machines in the cell such that there is no machine inlerference. For 
your answer, (b) what is the machine cycle time,and (c) what are the robot idle time and ma¬ 
chine idle time expressed as a percentage of the cycle time T t ? 

14.15 A factory production department consists of a large number of workcells. Each cell consists 
of one human worker perfoiming eleciiuniis assembly taskS.The cells are organized into sec- 
tions within the department, and each section is supemsed by one foreman. It is desired to 
know how many workcells should be assigned to each foreman.The foreman’s job consists 
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o( (wo tasks: (1) providing each cell with a sufficient supply of parts that it can work for 
4.0 hr befnre it needs to be resupplied and (2) preparing production reports for each work- 
cell.Task (1) takes 18.0 min on average per workcell and must be done twice per day The 
foreman must Schedule the resupply of parts to every cell so that no idle time occurs in any 
cell. Task (2) takes 9.0 min/workceU and must be done once per day. The plant operates one 
shift which is 8.0 working nuurs, and neither the workers nor the foreman are allowed to work 
more than 8.0 hr/day. Each day. the celLs continue production from where they stopped the 
day before. (a) What is the maximum number of workcells that should be assigned to a fore¬ 
man, with the proviso that the workcells are never idle? (b) With the number of workcells 
from part (a). how many idle minuies does the foreman have each day? 
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Batch manufacturing is estimated to be the most coramon form of production in the Unit¬ 
ed States, constituting more than 50% of total manufacturing activity. There is a growing 
need to make batch manufacturing more efficient and productive. In addition, there is an 
increasing trend toward achieving a higher level of integration between the design and 
manufacturing functions in a firm. An approach directed at both of these objectives is 
group tcchnology (GT). 

Group tecknology is a manufacturing philosophy in which similar parts are identified 
and grouped together to take advantage of their similarities in design and production. Sim- 
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ilar parts are arranged into pari families, where each part family possesses similar design 
and/or manufacturing characteristics. For example, a plant producing 10,000 different part 
numbers may be able to group the vast majority of these parts into 30-40 distinet families. 
It is rcasonable lo believe that the processing of each member of a given family is similar. 
and this should result in manufacturing cfficiencies.The efficiencies are generally achieved 
by arranging the production cquipment into machine groups, or cells, to facilitatc work 
flow, Grouping the production equipment into machine cel Is, where each ccl! specializes in 
the production of a part family, is called cellular manufacturing. Cellular manufacturing 
is an example of mixed model production (Section 13.2.4).The origins of group technolo- 
gy and cellular production can bc traced to around 1925 (Historical Note 15.1). 


Historical Note 15.1 Group technology 

In 1925. R Banders presemed a paper in the United States before the American Society of Me- 
cbantcal Engineers in which he desenbed a way of organizing manufacturing at Jones and 
Lamson Machine Company thai wuuld today be called group technology. In 1937. A. 
Sokolovskiy of the Soviet Union described the essential features of group technology by propos- 
ing (hat paris of similar configuralion be produced by a standard process sequcnce. thus per- 
mitting flovr line tcchniques to be used for work normally accomplished by batch production. 
In 1949. A Korling of Sweden presented a paper (in Paris. France) on "group production,” 
whose principles are an adaptation of production line techniques to batch manufacturing. In 
the paper. he describes how work is decentralized into independent groups. each of which con- 
tains the machincs and toding lo produce “a special category of parts." 

In 1959. researcher S. Milrofanov of the Soviet Union published a book entilled Selen- 
, tiflc Principles of Group Technology. The book was widclv read and is considcrcd responsi- 
| ble for over 800 plants in the Soviet Union using group technology by 1965. Anotber researcher. 
I H. Opitz in Germany siudied workparts manufactured by the German machine tool indusery 
and developcd the wcll-known parts classification and coding system for machined parts that 
bears his name (Section 15.2.2). 

In the United States, the first application of group technology was at the Langston Di¬ 
vision of Harris-Imertype in New Jersey around 1969.Traduionally a machine shop arranged 
as a process type layout, the company reorganized into “family of parts" lines, each of which 
specialized in producing a given part configuration. Par; families werc identified by taking pho- 
tos of about 15% of the parts made in the plant and grouping them into families. When implc- 
mented.lhechanges improved productivity by 50% and reduced lead times from weeks to days. 


Group technology and cellular manufacturing are applicable in a wide variety of 
manufacturing situations. GT is most appropriately applied under the following conditions: 

• The plant currently uses iraditional batch production and a process type layout 
(Section 1.1.2), and this results in mueh material handling effort, high in-process in- 
ventory, and long manufacturing lead times. 

• The parts can be grouped Into part families.This is a necessary condition. Each ma¬ 
chine ccll is designed to produce a given part family, or limited collection of part fam¬ 
ilies, so it must be possiblc to group parts made in the plant into families. However, 
it would be unusual to find a mkJ-volume production plant in which parts could not 
be grouped into part families. 

There are two major tasks that a company must undertake when it implements group 
technology. These two tasks represent significant obstacles to the application of GT. 
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1. Identifying the part families. If the plant makes 10,000 different parts, reviewing all 
of the part tlrawings and grouping the parts into families is a substantial task that 
consumes a signiflcant amount of time. 

2. Rearranging production machines into machine (elIs. Il is time consuming and cost- 
ly to plan and accomplish this rearrangement, and the machines are not producing 
dunng the changeover. 

Group technology offers substantial bcnefits to companies that have the perseverance 
to implemcnt lt.The benefits include: 

• GT promotcs standardiration of tooling, fixturing, and setups. 

• Matcrial handling is reduced becausc parts are moved within a machine cell rather 
than within the entire factory. 

• Process planning and production scheduling are simplified. 

• Setup times are reduced, resulling in lowcr manufacturing lead times. 

• Work in-process is reduced. 

• Worker satisfaclion usually improves when workcrs collaborate in a GT cell. 

• Higher quality work is accomplished using group technology. 

In this chapter, we discuss group technology, cellular manufacturing, and several related 
topics. Let us begin by defining an underlyingconcept of group technology: part families. 


1S.1 PART FAMILIES 

A part family is a collection of parts that are similar either because of geometric shape and 
size or because similar processing steps are required in their manufacture.The parts with¬ 
in a family are different. but their similarities are close enough to merit their inclusion as 
members of the part family. Figures 15.1 and 15.2 show two different part families. The two 
parts in Figure 15.1 are very similar in terms of geometric design, bul quite different in 
terms of manufacturing because of differences in tolerances, production quantities, and 
material.The ten parts shown in Figure 15.2 constilute a part family in manufacturing, but 
their different geometries make thcm appear quite different from a design viewpoint. 

One of the important manufacturing advantages of grouping workparts into fami¬ 
lies can be explained with reference to Figures 15.3 and 15.4. Figure 15.3 shows a process 


lB\ (h) 

Figure 15.1 Two parts of identical shape and size but different man¬ 
ufacturing requiremcnts: (a) 1.000.000 pc/yr. tolerance = ±0.010 in, 
materia! = 1015 CR Steel, nickel plate; and (b) 100 pc/yr, toler¬ 
ance = ±0.001 in, materia] = 18 - 8 stainlcss Steel. 
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Figure 15.3 Process type plant layout. (Key: “Tum'' = tuming, 
“Mi 11" = milling,“DriI” = drilling,“Gmd” = grinding,“Asby” = as- 
sembly, “Man” = manual operation; arrows indicate work flow 
through plant, dashed lines indicate separation of machines into 
departments.) 


Figure 15.2 A family of parts with similar manufacturing process 
requiremcnts but different design attributes. All parts are machined 
from cylindrical stock by turning.some parts require drilling and/or 
milling. 
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Figure 15.4 Group technology layout. (Key: “Turn” = tuming, 

"Miil” = milling,“DrlT = driIling,'Gmd" = grinding.“Asby” = as- 
semWy,”Man” = manual operation; arrows indicate work flow in ma- 
chine cells.) 

type plant layout for batch production in a machine shop. The various machine tools are 
arranged by function. There is a lathe department, milling machine department, dril! 
press department, and so on.To machine a given part.the workpiece must be transport- 
ed between departments, with perhaps the same department being visited several times. 
This results in a significant amount of material handling, large in-process inventory,many 
machine setups, long manufacturing lead times, and high cost. Figure 15.4 shows a pro¬ 
duction shop of equivalent capacity, but the machines are arranged into cells. Each cetl 
is organized to specialize in the production of a particular part family. Advanlages of re- 
duced workpiece handling yield lower setup times, fewer setups (in some cases, no setup 
changes arc necessary), less in-process inventory, and shorter lead times. 

The biggest single obstacle in changing over to group technology from a conven- 
tional production shop is the problem of grouping the parts into families. There are three 
general methods for solving this problem. All three are time consuming and involve the 
analysis of mueh data by properly trained personnet. The three methods are: (1) visual in- 
spection, (2) parts dassification and coding, and (3) production flow analysis. Let us pro- 
vide a brief description of the visual inspection method and then examine the second and 
third methods in more detail. 

The visual inspection method is the least sophisticated and least expensive method. 
It involves the dassification of parts into families by looking at either the physical parts or 
their pbotographs and arranging them into groups having similar features. Although this 
method is generally eunsidered to be the least accurate of the three, one of the first major 
success stories of GT in the United States made the changeover using the visual inspection 
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method. This was the Langston Division of Harris Inlertype in Cherry Hiil, New Jersey 
[18] (Historical Note 15.1). 


15.2 PARTS CLASSIFICATION AND CODING 

This is the most time consuming of the three methods. In paris classification and coding , 
similarities among parts are identified, and these similarities are related in a coding system. 
Two categories of part similarities can be distinguished: (1) design attributes , which are 
concerned with part characteristies such as geometry. size, and material; and (2) manufac¬ 
turing attributes, which consider the sequence of processing steps required lo make a part. 
While the design and manufacturing attributes of a part are usually correlated, the corre- 
lation is less than perfeet. Accordingly, classification and coding systems are devised to in- 
clude both a part’s design attributes and its manufacturing attributes. Reasons for using a 
coding schcmc includc: 


• Design retrieval. A designer faced with the task of developing a new part can use 
a design retrieval system to determine if a similar part already exists. A simple 
change in an existingpart would take mueh less time than designing a whole new 
part from scratch. 

• Automatedprocess planning. The part code for a new part can be used to search for 
process plans for existing parts with identical or similar codes. 

• Machine cell design. The part codes can be used to design machine cells capable of 
producing all members of a particular part family, using the composite part concept 
(Section 15.4.1). 

To accomplish parts classification and coding requires examination and analysis of the 
design and/or manufacturing attributes of each part. The examination is sometimes done 
by looking in tables to match the subject part against the features described and dia- 
grammed in Ihe tables An alternative and more-produclive approach involves interaction 
with a computerized classification and coding system, in which the user responds to ques- 
tions asked by the computer. On the basis of the responses, the computer assigns the code 
number to the part. Whichever method is used, the classification results in a code number 
that uniquely identifies the part’s attributes. 

The classification and coding procedure may be carried out on the entire list of ac- 
tive parts produced by the firm, or some sort of sampling procedure may be used to establish 
part families. For example, parts produced in the shop during a certain time period could 
be examined to identify part family categories. The trouble with any sampling procedure 
is the risk thal the sample may be unrepresentative of the population. 

A number of classification and coding systems are described in the literature [13], [16], 
[31], and there are a number of commercially available coding packages. However, none 
of the systems has been universally adopted. One of the reasons for this is that a classifi¬ 
cation and coding system should be customized for a given rompany or industry. A system 
that is hest for one company may not be best for another company. 
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15.2.1 Features of Parts Classificatiort and Coding Systems 

The principal functional areas that utilize a parts classification and coding system are design 
and manufacturing. Accordingly.parts classification systems fali into one of three categories: 


1. systems based on part design attributes 

2. systems based on part manufacturing attributes 

3. systems based on both design and manufacturing attributes 

Table 15.1 presents a list of the common design and manufacturing attributes typically in- 
cluded in classification schemes. A certain amount of overlap exists between design and 
manufacturing attributes, since a part’s geometry is largely determined by the sequence of 
manufacturing processes performed on it. 

In terms of the meaning of the symbols in the code, there are three structures used 
in classification and coding schcmes: 

1. hierarchical structurt, also known as a monocode, in which the interpretation of cach 
successive symbol depends on the value of the preceding symbols 

2. chain-type structure. also known as a polycode , in which ihe interpretation of each 
symbol in the sequence is always the same; it does not depend on the value of pre¬ 
ceding symbols 

3. mixed-mode structure. which is a hybrid of the two previous codes 

To distinguish the hierarchical and chain-type structures, consider a two-digit code num- 
ber for a part, such as 15 or 25. Suppose the first digit stands for the general shape of the 
part: 1 means the part is cylindrical (rotational), and 2 means the geometry is rectangular. 
In a hierarchical structure, the interpretation of the second digit depends on the value of 
the first digit. If preceded by 1, the 5 might indicate a length-to-diameter ratio; and if pre- 
ccded by 2, ihe 5 indicates an aspect ratio between the length and width dimensions of the 
part. In the chain-type structure, the symbol 5 would have the same meaning whether pre¬ 
ceded by 1 or 2. For example, it might indicate the overall length of the part. The advan- 
tage of the hierarchical structure is that in general, more information can he included in a 


TABLE 15.1 Dasign and Manufacturing Attributes Typically Included in a Group 
Technology Classification and Coding System 


Part Design Attributes 

Part Manufacturing Attributes 

Basic external shape 

Major processøs 

Basic internal shape 

Minor operations 

Rotational or rectangular shape 

Operation sequence 

Løngth-to-diameter ratic (rotationgi parts) 

Major dimension 

Aspect ratio (rectangular parts) 

Surface finish 

Material type 

Machine tool 

Part funetion 

Production cycle time 

Major dimensions 

Batch size 

Minor dimensions 

Annual production 

Tolerances 

Fixtures required 

Surface finish 

Cutting tools 
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code of a given numbcr of digits. The mixed-mode classification and coding sysiems use a 
combination ol hierarchical and chain-type structures. It is the most common structurc 
found in GT parts classification and coding systems. 

The number of digits in the code can range from 6 to 30. Coding schcmes that con- 
tain only design data require fewer digits. perhaps 12 or fewer. Most modem classification 
and coding sysiems inr.tnde hoth design and manufacturing data, and this usually rcquires 
20-30 digits This might seem likc too many digits for a human reader to easily comprehend, 
but it must be remembered that most of the data processing of the codes is accomplished 
by computer, for which a large number of digits is of minor concern. 

15.2.2 Examples of Parts Classification and Coding Systems 

Some of the important systems (witlt emphasis on those in the United States) include: the 
Opitz classification system, which is nonproprietary; the Brisch System (Brisch-Bim, Inc.); 
CODE (Manufacturing Data Systems. Inc.); CUTPLAN (Mctcut Associates); DCLASS 
(Brigham Young University): MultiClass (OIR: Organization for Industrial Research);and 
Part Analog System (Lovelace. I-awrence & Co., Inc.). Reviews of these systems and oth- 
ers can be found in 116] and [23J. 

In the following. we discuss two classification and coding systems: the Opitz System 
and MultiClass.The Opitz system is o: interesl because it was one of the first published clas¬ 
sification and coding schemes for mcehanical parts [31] (Historical Note 15.1) and is still 
widely used. MultiClass is a commercial product offered by the Organization for Industri¬ 
al Research (OIR). 

Opitz Classification System. This system was developed by H. Opitz of the Uni¬ 
versity of Aachen in Germany. It repicscnts onc of the pioneering efforts in group lech- 
nology and is probably the best known, if not the most frequently used, of the parts 
classification and coding systems. Il is intended for machined parts. The Opitz coding 
scheme uses the following digit sequence: 

12345 6789 ABCD 

The basic code consists of nme digits, which can bc extended by adding four more digits. 
The first nine arc intended to convey both design and manufacturing data. The interpre¬ 
tation of the first nine digits is defined in Figure 15.5. The first five digits. 12345, are called 
the fonn code. It describes the primary design attributes of the part. such as extemal shape 
(e.g., rotational vs. rectangular) and machined features (e.g., holes, threads, gear teeth, etc.). 
The next four digits, 6789, constitute the supplementary code. which indicates some of the 
attributes that would be of use in manufacturing (e.g., dimensions, work material, starting 
shape, and accuracy).The extia four digits, ABCD, are referred to as the secondary code 
and are intended to identify the production operation type and sequence. The secondary 
code can bc designed by the user firm to serve its own particular needs. 

The complete coding system is too complex to provide a comprehensive description 
here. Opitz wrote an entire book on his system [31]. However, to obtain a general idea of 
how it works. let us examine the form code consisting of the first five digits. defined gen¬ 
erally in Figure 15.5. The first digit identifies whether the part is rotational or nonrota- 
tional. Il also describes the general shape and proportions of the part. We limit our survey 
here to rotalional parts possessing no unusual features, those with first digit values of 0,1, 
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Figure 15.5 Basic structure of the Opilz system of parts classification 
and coding. 


or 2. For this class of workparts, the coding of thc first five digits is defined in Figure 15.6. 
Consider the following example to demonslrate Ihe coding of a given part. 

EXAMPLE 15.1 Opitz Part Coding System 

Given the rotalional part design in Figure 15.7, determine the form code in the 
Opitz parts classification and coding system, 

Solution; Wilh reference to Figure 15.6, the five-digit code is developed as follows: 

Length-to-diameter ratio, L/D = 1.5 Digit 1 = 1 
External shapc: stepped on both ends with screw thread on one end Digit 2 = 5 
Internal shape; part contains a through-hole Digit 3 = 1 
Plane surface machining: none Digit 4 = 0 
Auxiliary holes, gear teeth, etc.: none Digit 5 = 0 
The form code in the Opitz system is 15100. 

MultiClass. MultiClass is a classification and coding system developed by the Or- 
ganization for Industrial Research (OIR). The system is relatively flexible, allowing the 
user company to customize the classification and coding scheme to a large extent to fit its 
own products and applications. MultiClass can be uset! for a variety of different types of 
manufactured items, including madiined and sheet metal parts, tooling, electronics, pur- 
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Figure 15.6 Form code (digits 1-5) for rotational parts in the Opitz 
coding system. The first digit of the code is limited to the value 0, 
1, or 2. 
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Figure 15.7 Part design for Example 15.1. 
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chased parts, assemblies and subassemblies, machine tools, and other elements. Up to nine 
different types of components can be included within a single MultiClass software strueture. 

MultiClass uses a hierarchical or decision-tree coding strueture in which the suc- 
ceeding digits depend on values of the previous digits. In the application of the system, a 
series of menus, pick lists, tables, and other interactive prompting routines are used to code 
rhe part. This hetps to organ ize and provide discipline to the coding procedure. 

The coding strueture consists of up to 30 digits. These are divided into two regions, 
one provided by OIR, and the sccond designed by the user to meet specific needs and re- 
quirements. A prefix precedes the code number and is used to identify the type of part 
(e.g., a prefix value of 1 indicates machined and sheet metal parts). For a machined part, 
the coding for the first 18 digit positions (after the prefix) is summarized in Table 15.2. 


TABLE 15.2 First 18 digits of the Multiclass Classification 
and Coding System 


Digit 

Function 

0 

Code system prefix 

1 

Main shape category 


External and internal configuration 


Machined secondary elements 

5.6 

Functional descriptors 

7-12 

Dimensional data llength, diameter, etc.) 

13 

tolerances 

14, 15 

Matenal chemistry 

16 

Raw matenal shspe 

17 

Production quantity 


Machined element orientation 


EXAMPLE 15.2 MultiClass Coding Syslem 

Given the rotational pari design in Figure 15.8, determine the 18-digit code in 
the MultiClass parts coding system. 


0.352 ± 0.003 dia 



Figurs 15.8 Workpart of Example 15.2. (Courtesy of OIR, Organi- 
zation for Industrial Research.) 
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Figure 15.9 MulliClass code iiumber determined for part in Exam- 
p)e 15.2. (Courtesy of OFR, Organization for Industrial Research.) 


Solution: The MultiClass code nuniber for the given part is developed in Figure 15.9. 


15.3 PRODUCTION FLOW ANALYSIS 

This is an approach to part family identification and machine cell formation that was pio- 
neered by J. Burbidge [6]-{8]. Production flow analysis (PFA) is a method for identifying 
part families and associated machine groupings that uses the information contained or 
production route sheets rather than on part drawings. Workparts with identical or similar 
routings are classified into part families. These families can then be used to form logical ma¬ 
chine cells in a group technology layout. Since PFA uses manufacturing data rather than 
design data to identify part families, it can overcome two possible anomalies that can occur 
in parts classification and coding. First, parts whose basic geometries are quile different may 
nevertheless require similar or cven identical process routings. Second, parts whose geome¬ 
tries are quile similar may nevertheless require process routings that are quite different. 

The procedure in production flow analysis raust begin by defining the scope of the 
study, which means deciding on the population of parts to be analyzed. Should all of the 
parts in the shop bc tncluded in the study, or should a representative sample be selected 
for analysis? Once this decision is made, then the procedure in PFA consists of the fol- 
lowing steps: 
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1. Data collection.The minimum data needed in the analysis are the part number and 
operation sequence, which is contained in shop documcnts callcd routc shcctsor op¬ 
eration sheets or some similar name. Each operation is usually associated with a par- 
ticular machine, so determining the operation sequence also determines the machine 
sequence. Additional data, such aslot size, time standards, and annual demand might 
be useful for designing machine cells of the required productiou capacily. 

2. Sortation of process routings In this step, the parts are arranged into groups ac- 
cording to the similarity of their process routings. To facilitatc this step, all operations 
or madlines included in the shop are reduced to code numbers, such as those shown 
in Table 15.3. For each part, the operation codes are listed in the order in which they 
are performed. A sortation procedure is then used to arrange parts into “packs,” 
which are groups of parts with identical routings. Some packs may contain only one 
part number, indicating the uniqueness of the processing of that part. Other packs will 
contain many parts, and these will constitute a part family. 

3. PFA chart. The processes used for each pack are then displayed in a PFA chart, a sim- 
plified example of which is illustrated in Table 15.4. 1 The chart is a tabulalion of the 
process or machine code numbers for all of the part packs. In recent GT literature [30], 
the PFA chart has been referred to as part-machine incidence matrix. In this ma¬ 
trix, the entries have a value x,, = 1 or 0: a value of x tj — 1 indicates that the corrc- 
sponding part i requires processing on machine j, and x,, = 0 indicates that no 
processing of component i is accomplished on machine j. For clarity of presenting 
the matrix, the 0’s are often indicated as blank (empty) entries, as in our table. 

4. Cluster analysis. From the pattern of data in the PFA chart, related groupings are 
identified and rearranged into a new pattern that brings together packs with similar 
machine sequences. One possible rearrangement of the original PFA chart is shown 
in Table 15.5, where different machine groupings are indicated within blocks. The 
blocks might be considered as possible machine cells. It is often the case (but not in 
Table 15.5) that some pack s do not fit into logical groupings. These parts might be an- 
alyzed to see if a revised process sequence can be developed that fits into one of the 
groups If not, these parts must continue to be fabricated through a conventional 
process layout. In Section 15.6.1, we examine a systematic technique called rankorder 
clusterlng that can be used to perform the cluster analysis. 

TABLE 15.3 Possible Code Numbers Indicating 
Operations and/or Machines for 
Sortation in Production Flow Analysis 
(Highly Simplitied) 


Operation or Machine Code 


Cutoff 01 

Lathe 02 

Turret lathe 03 

Miil 04 

Drill: manual 05 

NCdrill 06 

Grind 07 


1 For clarity in the part-machine incidence matrices and related discussion, we are identifying parts by al- 
phabetic character and machines by number. In practice, numbers would be used for both. 
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TABLE 15.4 PFA Chart, Also Known as a Part-Machine Incidence Matrix 
Parts 

Machines ABCDEFGHI 



TABLE 15.5 Rearranged PFA Chart. Indicating Possible Machine Groupings 
Parts 



The weakness of production flow anaiysis is that the data used in the technique are 
derived from existing production route sheets. In all likelihood, these route sheets have 
been prepared by different process planners, and the routings may contain operations that 
are nonoptimal, illogical, or unnecessary. Consequently, the final machine groupings ob- 
tained in the anaiysis may be suboptimal. Notwithstanding this weakness, PFA has the 
virtue of requiring less time than a complctc parts dassification and codmg procedure. 
This virtue is attractive to many firms wishing to introduce group technology into their 
plant operations. 
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15.4 CELLULAR MANUFACTURING 

Whether part families have been determined by visual inspection. parts ciassification and 
coding, or production flow analysis, there is advantage in producing those parts using group 
technology machine cells rather than a traditional process-type machine layout. When the 
machines are grouped.the term cellular manufacturing is used to describe this work orga- 
nization. Cellular manufacturing is an application of group technology in which dissimi- 
lar machines or processes have been aggregated into cells. each of which is dedicated to the 
production of a part or product family or a limited group of families The typical objectives 
in cellular manufacturing are similar to tbose of group technology: 

• To sharten manufacturing lead times, by reducing setup, workpart handling, waiting 
times, and batch sizes. 

• To reduce work-in-process inventory. Smaller batch sizes and shorter lead times re- 
duce work-in-process. 

• To improve quality. This is accomplished by allowing each cell to specialize in pro¬ 
ducing a smaller number of different parts This reduces process variations 

• To simplify production schedullng. The similarity among parts in the family reduces 
the complexity of production scheduling. Instead of scheduling parts through a se- 
quence of machines in a process-type shop layout, the parts are simply scheduled 
though the cell. 

• To reduce setup times. This is accomplished by using group tooling (cutting tools, 
jigs and fixtures) that have been designed to process the part family, rather than pari 
tooling, which is designed for an individual part. This reduces the number of indi- 
vidual tools required as well as the time to change tooling between parts. 

Additional reasons for implementing cellular manufacturing are given in Table 15.7. In 
this section, we consider several aspects of cellular manufacturing and the design of ma¬ 
chine cells 

15.4.1 Composite Part Concept 

Part families are defined by the faet that their members have similar design and/or manu¬ 
facturing features The composite part concept takes this part family definition to its logi- 
cal conclusion. It conceives of a hypothetical part, a composite pari for a given family, 
which includes all of the design and manufacturing attributes of the family. In general, an 
individual part in the family will have some of the features that characterize the family but 
not all of them. The composite part possesses all of the features 

There is always a correlation between part design features and the production op¬ 
erations required to generate those features Round holes are made by drilling, cylindrical 
shapes are made by tuming, flat surfaces by milling, and so on. A production cell designed 
for the part family would indude those machines required to make the composite part. Such 
a cell would be capable of producing any member of the family, simply by omitting those 
operations corresponding to features not possessed by the particular part. The cell would 
also be designed to allow for size variations within the family as well as feature variations 
To illustrate, consider the composite part in Figurc 15.10(a). Il represents a family of 
rotational parts with features defined in Rgure 15.10(b) Associated with each feature is a 
certain machining operation as summarized inThble 15.6. A machine cell to produce this 
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© (b) 

Figure 15.10 Coraposite part concept: (a) the composite part for a 
family of machined rotational parts and (b) the individual features 
of the composite part. See Table 15.6 for key to individual features 
and corresponding manufacturing operations. 


TABLE 15.6 Design Features of the Composite Part in Figure 15.10 and the 
Manufacturing Operations Required to Shspe Those Features 


Label 

Design Fealure 

Corresponding Manufacturing Operation 

1 

External cylinder 

Turning 

2 

Cylinder faca 

Facing 

3 

Cylindrical step 

Turning 

4 

Smooth surface 

External cylindrical grinding 

5 

Axial hole 

Drilling 

6 

Counterbo-o 

Counterboring 


Internal threads 

Tapping 


part family wuuld be designed with the capability lo accomplish all seven operations re¬ 
quired to produce the composite part (the last column in the table). To produce a specific 
member of the family, operations would be induded to fabricate the required features of 
the part. For parts without all seven features, unnecessary operations would simply be 
omitted. Machines, flxtures, and tools would be organized for efficient flow of workparts 
through the cell. 

In practice, the number of design and manufacturing attributes is greater than seven, 
and allowances must bc made for variations in overall size and shape of the parts in the fam¬ 
ily. Nevertheless, the composite part concept is useful for visualizing the machine cell de¬ 
sign problem. 

15.4.2 Machine Cell Design 

Design of the machine cell is critical in cellular manufacturing. The cell design determinus 
to a great degree the performance of the cell. In this subsection, we discuss types of machine 
cells, cell layouts, and the key machine concept. 
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Types of Machine Cells and Layouts. GT manufacturing celis can be classified 
according to thc number of machines and the degree to which the material flow is mech- 
anized between machines. In our classification scheme for manufacturing systems (Section 
13.2), all GT cells are classified as type X in terms of part or product variety (Section 13.2.4, 
Table 13.3). Here we identify four common GT cell configurations (with system type iden- 
tified in parenthesis from Section 13.2): 

1. single machine cell (type 1 M) 

2. group machine cell with manual handling (type IIM generally, type IIIM less common) 

3. group machine cell with semi-integrated handling (type II M generally, type 111 M 
less common) 

4. flexibie manufacturing cell or flexibie manufacturing system (type IIA generally, 
type HI A less common) 

As its name indicates, the single machine cell consists of one machine plus support- 
ing fixtures and tooling. This type of cell can be applied to workparts whose attributes 
allow them to be made on one bask type of process, such as tuming or milling. For cxam- 
ple, the composite part of Figure 15.10 could be produced on a conventional turret lathe, 
with the possible exception of the cylindrical grinding operation (step 4). 

The group machine cell with manual handling is an arrangement of more than one 
machine used collectively to produce one or more part families.There is no provision for 
mechanized parts movement between the machines in the cell. Instead, the human opera¬ 
tors who run the cell perform the material handling function. The cell is often organized 
into a U-shaped layout, as shown in Figure 15.11. This layout is considered appropriate 
when there is variation in the work flow among the parts made in the cell. It also allows the 
multifunctional workers in thc cell to move easily between machines [29], 

The group machine cell with manual handling is sometimes achieved in a conventional 
process type layout without rearranging the equipment. This is done simply by assigning 
certain machines to be included in the machine group and restricting their work to speci- 
fied part families.This allows many of the benefits of cellular manufacturing to be achieved 
without the expense of rearranging equipment in the shop. Obviously, the material handling 
benefits of GT are minimized with this organization. 


Work out 





Figure 15.11 Machine cell with manual handling between machines. 
Shown is a U-shaped machine layout. (Key: “Proc” = processing 
operation (e.g., mili. turn, etc.), “Man” = manual operation; arrows 
indicate work flow.) 
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The group machine ctll with semi-integrated handling uses a mechanized handling 
system, such as a conveyor, to move parts between machines in the cell. The flexible man¬ 
ufacturing system (FMS) combines a fully integrated material handling system with auto¬ 
mated processing stations.The FMS is the most highly automated of the group technology 
machine cells.The foliowing chapter is devoted to this form of automation, and we defer 
discussion till then. 

A variety of layouts are used in GT cells. The U-shape, as in Figure 15.11, is a popu- 
lar configuration in cellular manufacturing. Other GT layouts include in-line, loop, and 
rectangular, shown in Figure 15.12 for the case of semi-integrated handling. 


Mechanized 
work handling 



(b) 



(c) 


Figure 15.12 Machine cells with semi-integrated handling: (a) in- 
line layout, (b) loop layout, and (c) rectangular layout. (Key: 
"Proc” = processing operation (e.g., mili, tura, etc.), "Man” = man¬ 
ual operation; arrows indicate work flow.) 
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(1) Repeal 
operation 



(4) Backtracking 
move 


Figure 15.13 Four types of part moves in a mixed model production 
system. The forward flow of work is from left to right. 


Determining the most appropriate cell layout depends on the routings of parts pro- 
duced in the cell. Four types of part movement can be distinguished in a mixed model part 
production system. They are illustrated in Figure 15.13 and are defmed as follows, where 
the forward direction of work flow is defmed as heing from left to right in the figure:(l) re- 
peat operation, in which a consecutive operation iscarried out on the same machine,so that 
the part does not actually move; (2) in-sequence move , in which the part moves from the 
current machine to an immediate neighbor in the forward direction; (3) by-passing movt, 
in which the part moves forward from the current machine to another machine that is two 
or more machines ahead; and (4) backtracking move, in which the part moves from the cur- 
rent machine in the backward direction to another machine. 

When the application consists exelusively of in-sequence moves, then an in-line lay¬ 
out is appropriate. A U-shaped layout also works well here and has the advantage of dos¬ 
er interaction among the workers in the cell. When the application indudes repeated 
operations, then multiple stations (machines) are often required. For cells requiring by- 
passing moves, the U-shape layout is appropriate. When backtracking moves are needed, 
a loop or rectanguiar layout is appropriate to accommodate recirculation of parts within 
the cell. Addilional factors that must be accounted for in the cell design indude: 

• Quantity of work to be done by the cef/.This indudes the number of parts per year 
and the processing (or assembly) time per part ai each station. These factors deter- 
mine the workload that must be accomplished by the cell and therefore the number 
of machines that must be included, as well as total operating cost of the cell and the 
investment that can be justified. 

• Part size, shape, weight, and other physical at tribut es. These factors determine the 
size and type of material handling and processing equipment that must be used. 

Key Machine Concept. In some respects, a GT machine cell operates like a man¬ 
ual assembly line (Chapter 17), and it is desirable to spread the workload evenly among the 
machines in the cell as mudi as possible. On the other hånd, there is typically a certain ma¬ 
chine in a ceil (or perhaps more than one machine in a large cell) that is more expensive 
to operate than the other machines or that performs certain critical operations in the plant. 
This machine is referred to as the key machine. It is important that the utilization of this 
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key machine be high.even i( it means that the other machines in the cell have reiatively low 
utilization. The other machines are rcferretl to as supporting machines, and they should be 
organized in the cell to keep the key machine busy. In a sense, the cell is designed so that 
the key machine becomes the bottleneck in the system. 

The key machine conccpt is sometimes Lised to plan the GT machine cell. The ap¬ 
proach is to dccidc what parts should be processed through the key machine and then de- 
tcrmine what supporting machines are required to complele the processing of those parts. 

There are generally two measures of utilization that are of interest in a GT cell: the 
utilization of the key machine and the utilization of the overall cell. The utilization of the 
key machine can be measured using the usual definition (Section 2.4.3). The utilization of 
each of Ihe other machines can also be evaluated similarly.The cell utilization isobtained 
by taking a simple arithmetic average of all the machines in the cell. One of the exercise 
problems at the end of the chapler serves to illustrate the key machine concept and the de¬ 
termination of utilization. 


75.5 APPLICATION CONSIDERATIONS IN GROUP TECHNOLOGY 


In this section, we i'onsider how and where gr nup technology is applied, and we report on 
the results of a survey of industry ahout cellular manufacturing in the United States [38). 


15.5.1 Applications of Group Technology 

In our introduction to this chapter.wedefincd group technology as a"manufacturing phi- 
losophy." GT is not a particular technique, although various tools and techniques, such as 
parts classification and coding and production flow analysis, have been developed to help 
implement it The group technology philosophy can be applied in a number of areas Our 
discussion toruses on the two main areas of manufacturing and product design. 

Manufacturing Applications. The most common applications of GT are in man¬ 
ufacturing. And the most common application in manufacturing involves the formation of 
cells of One kind or another. Not all companies rearrange machines to form cells. There are 
three ways in which group technology principles can be applied in manufacturing [24): 

1. Informal scheduling and routing of similar parts through selected machines. This 
approach achieves setup advantages. but no formal part families are defined, and no 
physical rearrangement of equipment is undertaken. 

2. Virtual machine cells. This approach involves the creation of part families and ded- 
ication of equipment to the manufacture of these part families, but without the phys¬ 
ical rearrangement of machines into formal cells. The machines in the virtual cell 
remain in their original locations in the factory. Use of virtual cells seems to facilitate 
the sharing of machines with other virtual cells producing other part families (25). 

3. Formal machine cells. This is the conventional GT approach in which a group of dis¬ 
similer machines are physically relocated into a cell that is dedicated to the produc¬ 
tion of one or a limited set of part families (Section 15.4.2). The machines in a formal 
machine cell are located in close proximity to minimize part handling, throughpui 
time,setup time, and vtork-in-process. 
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Other GT applications in manufacturing inciude process planning (Chapter 25), fam- 
ily tooling, and numerical control (NC) part programs Process planning of new parts can 
be facilitated through the idcntification of part families The new part is associated with an 
existing part family. and generation of the process plan for the new part follows the rout- 
ing of the other members of the part family. This is done in a formalized way through the 
use of parts classification and coding. The approach is discussed in the context of auto 
mated process planning (Section 25.2.1). 

fn the ideal, all members of the same part family require similar setups, tooling, and 
fixturing.This generally results in a reduction in the amount of tooling and fixturing need- 
ed. Lnstead of determining a special tool kit for each part, a tool kit is developed for each 
part family.The conccpt of a modular fixture can often be exploited.in which a coinmon 
base fixture is designed and adaptations are made to switch between different parts in 
the family. 

A similar approach can be applied in NC part programming. Called parametricpro¬ 
gramming. [28], il involves the preparation of a coramon NC program that covers the en- 
tire part family. The program is then adapted for individual members of the family by 
inserting dimensions and other parameters appiicable to the particular part. Parametric 
programming reduces both programming time and setup time. 

Product Design Applications. The application of group technology in product 
design is found principally in the use of design retrieval systems that reduce part prolif- 
cration in the firm. It has been estimated that a company’s cost to release a new part de¬ 
sign ranges between $2000 and $12,000 [37] In a survey of industry reported in [36], it 
was concludcd that in about 20% of new part situations, an existing part design could be 
used. In about 40% of the cases, an existing part design could be used with modifications. 
The remaining cases required new part designs. If the cost savings for a company gen¬ 
erating 1000 new part designs per year were 75% when an existing part design could be 
used (assuming that there would still be some cost of time associated with the new part 
for engineering analysis and design retrieval) and 50% when an existing design could be 
modified, then the total annual savings to the company would lie between $700,000 and 
$4,200,000. or 35% of the company’s total design expense due to part releases. The kinds 
of design savings described here require an efficient design retrieval procedure. Most 
part design retrieval procedures are based on parts classification and coding systems 
(Section 15.2). 

Other design applications of group technology involve simplification and standard- 
ization of design parameters, such as tolerances, inside radii on comers, chamfer sizes on out- 
side edges, hole sizes, thread sizes, and so forth.These measures simplify design procedures 
and reduce part proliferation. Design standardization also pays dividends in manufactur¬ 
ing by reducing the required numberof distinet lathe tool nose radii, drill sizes, and fastener 
sizes. There is also a benefit in terms of reducing the amount of data and information that 
the company must deal with. Fewer part designs, design attributes, tools, fasteners, and so 
on mean fewer and simpler design doeuments, process plans, and other data records. 

15.5.2 Survey of Industry Practice 

A number of surveys have been conducted to leam how industry implements cellular man 
ufacturing [24], [36], [38]. The surveyed companies represent manufacturing industries, 
such as machinery, machine tools, agricultural and construction equipment, medical equip- 
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TABLE 15.7 Benefits of Cellular Manufacturing Reported by Companies in Survey 


Rank 

fteason for Installing Manufacturing Cells 

Average 

Improvement t%) 

! 

Reduce throughput time (Manufacturing lead time) 

61 

2 

Reduce work-in-process 

48 

3 

Improve nan and/or product quality 

28 

4 

Reduce response time for customer orders 

50 

5 

Reduce move distances 

GI 

6 

Increase manufacturing flexibility 


7 

Reduce unit costs 

16 

8 

Simplify production planning and control 


9 

Facilitate employee involvement 


10 

Reduce setup times 

44 

11 

Reduce finished goods inventory 

39 


Sourca: Wemmerlov and Johnson 1331. 


ment, wcapons systems, diesel engines. and piece parts. Processes grouped into cells in the 
companies induded machining.joining and assembly, finishing, testing, and metal forming. 

C ompanies in the survey were asked to report their reasons for establishing machine 
cells and the benefits they enjoyed from implementing cellular manufacturing in the op¬ 
erations. Results are listed in Table 15.7. The reasons are listed in the relative order of im¬ 
portance as indicated by the companies participating in the survey. We also list the avorage 
pcrccntage improvement reported by the companies, rounded to the nearest whole per- 
centage point. Reasons 6,8, and 9 are difficult to evaluate quantitatively, and no percent- 
age improvements are listed in these cases. 

One of the questions considered in the 1989 survey [36] was: What are the approaches 
used by companies to form machine cells? The results are listed in Table 15,8.The most com- 
mon approach consisted of visually grouping similar parts with no consideration given to 
existing routing information and no parts classification and coding.The use of a part-ma- 
chine incidence matrix was not widely reported, perhaps because the formal algorithms 
for reducing this matrix, such as rank order clustering (Section 15.6.1) were not widely 
known at the time of the survey. 

Companies also reported costs associated with implementing cellular manufacturing 
[36].The reported cost categorics are listed in Table 15.9 together with the number of com¬ 
panies reporting the røst. No numerical estimates of actual costs are provided in the report. 


TABLE 15.8 Approaches to Cell Formation Used in Industry 


Approach to Cell Formation 

Number o f Companies 
Fmploying the Approach 

Text Reference 

Visual inspection to identify family of 
similar parts 

19 

Section 151 

Key machine concept 

11 


Use of part-machine incidence matrix 

9 

Section 15.3, Section 15.6.1 

Other methods (e.g., From-to diagrams, 
simple sorting of routings) 

7 


ar (361. 
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TABLE 15.9 Costs of Introducing Cellular Manufacturing Reported by Companies 
in Survey 



Cosf 

Number o f Companies 
Reporting 

1. 

Relocation and installation of machines 

16 

2. 

Feas.b.lity studies, planning and design, and related costs 

8 

3. 

New equipment and duplication of equipment 

6 

4. 


6 

5. 

New tooling and fixtures 

5 

6. 

Programmable controllers, computers, and software 

4 

/. 

Materiel nand'ing equipment 

2 

8. 

Lost production time during installation 

2 

9. 

Higher operator wages 

1 


Source W»m-nerlov and Hyai [361. 


Topping the lisi was the expense of equipment relocation and installation. Most of the 
companies responding lo the survey had implemented cellular manufacturing by moving 
equipment in ihe factory rather Ihan by installing new equipment to form the cell. 


75.fi QUANTITATIVE ANALYSIS IN CELLULAR MANUFACTURING 

A number of quantitative techniques have been developed to deal with problem areas in 
group technology and cellular manufacturing. In this section. we consider two problem 
areas: (1) grouping parts and machines into families, and (2) arranging machines in a GT 
cell. The first problem area has been and still is an active research area, and several of the 
more signifcant research publications are listed in our references [2], [3], [11], [12], [26], [27], 
The technique we describe in the current section for sol ving the part and machine group¬ 
ing problem is rank order clustering [26].The second problem area has also been the sub- 
ject of research, and several reports are listed in the references [1], [6], [8], [17). In Section 
15.6.2. we describe two heuristic approaches introduced by Hollier [17]. 

15.6.1 Grouping Parts and Machines by Rank Ordør 
Clustering 

The problem addressed here is to determine how machines in an existing plant should be 
grouped into machine cells.The problem is the same whether the cells are Virtual or for¬ 
mal (Section 15.5.1). It is basically the problem of identifying part families. By identify- 
ing part families, the machines required in the cell to produce the part family can be 
properly setected. As previously discussed, the three basic methods to identify part fam¬ 
ilies are (1) visual inspection, (2) parts classification and coding, and (3) production flow 
analysis. 

The rank order clustering technique. first proposed by King [26], is specifically ap- 
plicable in production flow analysis. lt is an efficient and easy-to-use algorithm for group¬ 
ing machines into cells. In a starting part-machine incidence matrix that might be compiled 
to doeument the part ruutings in a machine shop (orother job shop), the occupied locations 
in the matrix are organized in a seemingly random fashion. Rank order clustering works 
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by redudng the part-machinc incidcncc matrix to a set of diagonalized blocks that repre¬ 
sent part familiesand associaled inaciiiue groups. Slåning with the initial part-machinc in- 
cidence matrix, the algorithm consists of the following steps: 

1. In each row of the matrix, read the series of I s and O s (blank entries = O’s)fromleft 
to right as a binary number. Rank the rows in oidct of decreasing value. Iu case of a 
tie, rank the rows in the same ordcr as they appear in the current matrix. 

2. Numbering from top to bottom, is the current order of rows tbe same as the rank order 
determined in the previous step? If yes,go to step 7. If no, go to the following step. 

3. Reorder the rows in the part-machine incidcncc matrix by listing them in decreasing 
rank ordcr, starting from the top. 

4. In each column of the matrix, read the series of I ’s and O’s (blank entries = O's) from 
top to bottom as a binary number. Rank the columns in order of decreasing value. In 
case of a tie. rank the columns in the same order as they appear in the current matrix. 

5. Numbering Irom left to right, is the current order of columns the same as Ihe rank 
order determined in the previous step? Ff yes. go to step 7. If no.go to the following step. 

6. Reorder Ihe columns in the part-machine incidence matrix hy listing them in de¬ 
creasing rank order, starting with the left column. Go to step 1. 

7 Stop. 

For readers unaccustomed to evaluating binary numbers in steps 1 and 4, it might be help- 
ful to convcrt each binary value inlo its decimal equivalent (e.g., the entries in the first row 
of the matrix in Table 15.4 are read as 100100010). This is converted into its decimal equiv¬ 
alent as follows: Ia-2* + 0x2 7 + 0.r2 6 + 1jk2 5 + 0x2 4 + 0x2 i + 0x2 2 + U2 1 + 0x2° = 
256 + 32 + 2 = 290. It should be mentioned that decimal conversion becomes impracti- 
cal for the large numbers of parts found in practice, and comparison of the binary numbers 
is preferred. 

EXAMPLE 15.3 Rank Order Clustering Technique 

Apply ihe rank order clustering technique to the part-machine incidcnce ma¬ 
trix in Table 15.4. 

Solution: Step 1 consists ol reading Ihe series of 1 ’s and O's in each row as a binary num 
ber. We have done this in Table 15. !0(a). converting the binary value for each 
row to its decimal equivalent. The values are then rank ordered in the far right- 
hand column. In step 2. we see that the row order is different from the slarting 
matrix. We thereforc reorder the rows in step 3. In step 4, we read the series of 
l's and O’s in each column from top to bottom as a binary number (again we have 
converted to the decimal equivalent), and the columns are ranked in order of 
decreasing value, as shown in Table 15.10(b). In step 5, we see that the column 
order is different from the preceding matrix. Proceeding from step 6 back to 
steps 1 and 2, we see that a reordering of the columns provides a row order that 
is in descending value. and the algorithm is concluded (step 7). The final solu¬ 
tion is shown in Table I510(c). A ciose comparison of this solution with Table 
155 reveals that they are the same part-machine groupings. 



Chøp. 15 / Group Technology and Cellular Manufacturing 


TABLE 15.10{a) First Iteration (Step 1) in the Rank Order Clustering Technique Applied to Example 
15.3 

Binary Values 2® 2 7 2* t 2‘ 2 3 2 1 2' 2° 


Parts Decimal 



TABLE 15.10lbl Second Iteration (Steps 3 and 4) in the Rank Order Clustering Technique Applied 
to Example 15.3 

Parts 

Machines A 6C DEFGHI Binary Values 



Decimal 96 24 S 64 5 24 16 96 7 

Equivalent 


Rank 
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Parts 



In the example problem, li was possible to divide ihe parts and machincs into three 
mutually exclusive part-machine groups.This represents the ideal case because the part 
families and associated machine cclls are complctely segregated. However, it is nol un- 
common for there to be an overlap in processing requirements between machine groups. 
That is. a given part type needs to be processed by more than one machine group. Let us 
iilustrate this case and how the rank order clustering technique deals with it in the follow- 
ing example. 

EXAMPLE 15.4 Overiapping Machine Requirements 

Consider the part-machine incidcnce matrix in Table 15.11.This is the same as the 
original part-machine incidcnce matrix in Table 15.4except that part B requires 

TABLE 15.11 Part-Machine Incidence Matrix for Example 15.4 
Parts 


Machir 
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processing on machines 1.4, and 7 (1 is the additional machine) and part D now 
requires processing on machines 1 and 4 (4 is the additional machine). Use the 
rank order clustering technique to arrange parts and machine into groups. 

Solution: The rank order clustering technique converges to a solution in two iterations, 
shown in Tables 15.12(a) and I5.12(b), with the final solution shown in 
Tablets.12(c). 

TABLE 15.12{a) First keration of Rank Order Clustering Applied to Example 15.4 
Binary Values 2 B 2 7 2* 2* 2* 2* 2 1 2' 2° 

Parts Decimal 

Machines ABC DEFGHI Equivalent Rank 

418 1 

17 7 

81 5 

168 3 

258 2 

65 6 

140 4 

TABLE 15.12(b) Second Iteration of Rank Order Clustering Applied to Example 15.4 
Parts 

Machines A BC DE FGHI Binary Values 

2 * 

2 6 
2 4 
2 3 
2* 

2 1 

2 ° 

Decimal 96 88 6 80 5 24 8 96 7 

Equivalent 




Rank 
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TABLE 1S.12(c) Solution ol Exampte 15.4 

Parts 

Machines A H B D F G 



Parts B and D could bc includcd in either of two machine groups. Our solution 
includes them in machine group (4.7): howcvcr, ihcy must also be processod in inuchine 
group(1.5). 

King [26] refers to the matrix elements Bl and Dl (parts B and D processed on ma¬ 
chine 1) in Table 15.12<c) as exceptional elements. He recommends that they cach be re- 
placed with an asterisk (*) and treated as /eros when applying the rank order clustering 
technique. The effect of this approach in our example problem would be to organize the 
machines exaclly as we have done in our final solution in Table 15.12(c). Another way of 
dealing with the overlap is simply to duplicate the machine thai is used by more than one 
part family.ln Hsample 15.4, this would mean that two machines of type 1 would be used 
in the twoceils.Tbe result of this duplicatiun is shown in the matrix of fable 15.13. where 
the two machines are identified as la and lb. Of course, there may be economic consider- 
alions that would inhibit the machine redundancy. 

Olher approaches to the problem of ovcrlapping machines, attributed to Burbidge 
[26], indude: (1) change the routing so that all processing can be accomplished in the pri¬ 
mary machine group. (2) redesign the part to eliminate the processing requirement outside 
the primary machine group, and (3) purchase the part from an outside supplier. 

15.6.2 Arranging Machines in a GT Cøll 

After part-machinc groupings have been identified by rank order clustering or other 
method. the next problem is to organize the machines into the most logical arrangement. 
Let us describc two simple yet effeetive methods suggested by Hollier [17J. 2 Both methods 
use data contained in From-To charts (Section 10.6.1) and are intended to arrange the ma¬ 
chines in an order that tnaximiz.es the proportion of in-sequence moves within the cell. 

1 Hollier | Hollier] inlroduces six heuristic approaches to solving the machine arrangement proalem, of 

which wc describc ih: firs! two 
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TABLE 15.13 Solution to Example 15.4 Using Ouplicate Machines of Type 1 (Shown 
as Machines la and Ib in the Matrix) 

Parts 



Hollier Method 1. The first method uses the sums of flow “From” and “Tb” each 
machine in the cell. The method can be outlined as follows: 

1. Develop the From-To chart from part routing data. The data contained in the chart 
indicates numbersof part moves between the machines (or workstations) in the cell. 
Moves into and out of the cell are not included in the chart. 

2. Delermine the "From” and "To” sums for each machine. This is accomplished by 
summing all of the “From” trips and “To” trips for each machine (or operation).The 
“From” sum for a machine is determined by adding the entries in the corresponding 
row, and the "To” sum is found by adding the entries in the corresponding column. 

3. Assign machines to the cell based on minimum "From” or “To”sums. The machine 
having the smallest sum is selected. If the minimum value is a "To” sum, then the ma¬ 
chine is placed at the beginning of the sequence. If the minimum value is a “From” 
sum, then the machine is placed at the end of the sequence. Tie breaker rules: 

(a) If a tie occurs between minimum “To” sums or minimum “From” sums, then the 
machine with the minimum “From/To” ratio is selected. 

(b) If both "To" and “From” sums are equal for a selected machine, it is passed over 
and the machine with the next lowest sum is selected. 

(c) If a minimum 'To” sum is equal to a minimum “From” sum, then both machines 
are selected and placed at the beginning and end of the sequence, respectively. 

4. Reformat the From-To chart. After each machine has been selected, restructure the 
From-To chart by eliminating the row and column corresponding to the selected ma¬ 
chine and recalculate the “From" and To” sums. Repeat steps 3 and 4 until all ma¬ 
chines have been assigned. 




Sec. 15.6 / Quantitative Analysis in Cellular Manufacturing 


449 


EXAMP1E 15.S Group Technology Machine Sequence using Hollier Method 1 

Suppose that four machines, 1,2.3, and 4 have been identified as belonging in 
a GT machine cell. An analysis of 50 parts processed on these machines has 
been summarized in the From-To chart of Table 15.14. Additional information 
is ihai 50 parts emer the machine grouping at machine 3,20 parts leave atter pro¬ 
cessing at machine 1, and 30 parts leave after machine 4. Determine a logical ma¬ 
chine arrangement using Hollier Method 1. 

Solution; Summing the From trips and To trips for each machine yields the “From” and 
“To" sums in Table 15.15(a). The minimum sum value is the “To” sum for ma¬ 
chine 3. Machine 3 is therefore placed at the beginning of the sequence. Elim- 
inating the row and column corresponding to machine 3 yields the revised 
From-To chart in Table 15.15(b). The minimum sum in this chart is the “To” 

TABLE 15.14 From-To Chart for Example 15.5 
To: 12 3 4 

From: 1 0 5 0 25 

2 30 0 0 15 

3 10 40 0 0 

4 10 000 

TABLE 15.15(a) From and To Sums for Example 15.5: First 
Iteration 

To: 1 2 3 4 'From'Sum* 

From: 1 0 5 0 25 30 

2 30 0 0 15 45 

3 10 40 0 0 50 

4 10 0 0 0 10 

‘To’sums 50 45 0 40 135 

TABLE 15.15(b) From and To Sums for Example 15.5: 

Second Iteration with Machine 3 Removed 

To: 12 4 'From'Sums 

From: 1 0 5 25 30 

2 30 0 15 45 

4 10 0 0 10 


'To' sums 


40 


40 
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TABLE 15.15(c) From and To Sums for Example 15.5: Third 
Iteration with Machine 2 Removed 

To: 1 4 “From “ Sums 

From : 1 0 25 25 

4 10 0 10 


“To" sums 10 25 


sum corresponding to machine 2. which is placed at the front ot ihc scqucncc, 
immediately following machine 3. Eliminating machine 2 produces the revised 
From-To chart in Table 15.15(c). The minimum sum in this chart is ihe "To” 
sum for machine 1. Machine 1 is placed after machine 2 and finally machine 4 
is placed al the end of the sequence. Thus, the resulting machine sequence is 
3 —» 2 —► I —► 4 


Hollier Method 2. This approach is based on the use of From/To ralios formed by 
summing the total flow from and to cach machine in the cell. The method can be reduced 
to three steps: 

1. Develop the From-To char/.This is the same step as in Hollier Method 1. 

2. Delermine the From/To ratio for each machine. This is accomplished by summing 
up all of the "From” trips and “To” trips for each machine (or operation). The “From" 
sum for a machine is determined by adding the entries in the corresponding row, and 
the “To” sum is determined by adding the entries in the corresponding column. For 
each machine, the From/To ratio is calculated by taking the “From" sum for each ma¬ 
chine and dividing by the respective “To” sum. 

3. Arrange mach in es in order o] decreasing From/To ratio. Machines with a high 
From/To ratio distribute work to many machines in the cell but receive work from few 
machines. Conversely, machines with a low From/To ratio receive more work than 
they distribute. Therefore, machines are arranged in order of descending From/To 
ratio. That is, machines with high ratios are placed at the beginning of the work flow, 
and machines with low ratios are placed at the end of the work flow. In case of a tie, 
the machine with the higher “From” value is placed ahead of the machine with a 
lower value. 

EXAMPLE 15.6 Group Technology Machine Sequence using Hollier Method 2 

Solve Example 15.5 using Hollier Method 2. 

Solution: Table 15.15(a), containing the “From” and “To" sums, is repeated in Table 15.16, 
along with the From/To ratios given in the last column on the right. Arranging 
the machines in order of descending From/To ratio, the machines in the cell 
should be sequenced as follows: 


3 —> 2 —► 1 —» 4 
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TABLE 15.16 From-To Sums and From/To Ratios for Example 15.6 


To: J 

2 

3 

4 

'From" Sums 

From/To Ratio 

From: 1 0 

5 

0 

25 

30 

0.60 

2 30 

0 

0 

15 

45 

1.0 

3 10 

40 

0 

0 

50 

oc 

4 10 

0 

0 

0 

10 

0.25 

"To’sums 50 

45 

0 

40 

135 


This is the same solution provided by Hollier Method 1. 



10 IS 



Figure 15.14 Flow diagram for machine cell in Examples 15.5 and 
15.6. Flow of parts mio and out of the cells has also been included. 

It is helpful to use one of the availabie graphical techniques, such as the flow dia¬ 
gram (Section 10.6.1). to conceptualize the work flow in the cell.The flow diagram for the 
machine arrangement in Examples 15.5 and 15.6 is presented in Figure 15.(4. The work flow 
is mostly in-line; however.there is sonie back flow of parts that inust be considered in the 
design of any material handling system that might be used in the cell. A powered convey- 
or would be appropriate for the forward flow between machines. with manual handling 
for the back flow. 

For our example data in Table 15.14, Hollier Methods 1 and 2 provide the same so¬ 
lution. This is not always the case. The relative performance of the two methods depends 
on the given problem. In some problems,Method I will outperformMethod 2.and mother 
problems the opposite will happen. In many problems, the two methods yield identical so¬ 
lutions, as in Examples 15.5 and 15.6. Hollier presents a comparison of these and hisother 
proposed methods with a variety of problems in [17]. 

Two performance measures can be defined to compare solutions to the machine se- 
quencing problem: (1) percentage of in-sequence raoves and (2) percentage of backlrack- 
ing moves. The percentage of in-sequence ntoves is computed by adding all of the valties 
representing in-sequence moves and dividing by the total number of moves. The perceni- 
age of backtracking moves is determined by summing all of the values representing back- 
tracking moves and dividing by the total number of moves. 

EXAMPLE 15.7 Performance Measures for Alternative Machine Sequenees in a GT cell 

Compute (a) the percentage of in-sequence moves and (b) the percentage of 
backtracking moves for the solution in Examples 15.5 and 15.6. 
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Solution: From Figure 15.14, the number of in-sequence moves = 40 + 30 + 25 = 95, 
and thc number of backtracking moves = 5 + 10 - 15. The total number of 
moves = 135 (totaling either the •‘From" sums or the “To” sums). Thus, 

(a) Percentage of in-sequence moves = 95/135 = 0.704 = 70.4% 

(b) Percentage of backtracking moves — 15/135 = 0.111 = 11.1% 
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PROBLEMS 


Parts Classification and Coding 

15.1 Dcvelop the torm «sde (firsl five digiLs) in llac Opiiz System for thc part illustrated in Fig- 
urc P15.1. 




Figure P15.2 Part for Problem 15.2. 
Dimensions are in millimeters. 


153 Devclop the form code (first five digits) in the Opitz System for the part illustrated in Fig¬ 
uro P15.3. 



Figure PI53 Part for Problem 153. Dimensions are in millimeters. 
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Rank Order Clustering 

15.4 Apply the rank order clustering technique to the part-machine incidence matrix in the fol- 
lovting tahlc to identify logital part families and machine groups. Parts are idenlified by let¬ 
ters. and madlines are idenlified numerically 

Parts 

Machines A B C D E 



15.5 Apply Che rank order clustering technique lo the part-machinc incidence matrix in the fol- 
lowing lable lo identify logical part families and machine groups. Parts are idenlified by let¬ 
ters, and machincs are idenlified numerically. 


Parts 



15.6 Apply the rank order clustering technique to the part-machine incidence matrix in the lol- 
lowing tablc lo identify logical part families and machine groups. Parts are identified by let¬ 
ters. and machines are identified numerically. 
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Parts 



15.7 Apply the rank order clustering technique to the part-machine incidence matrix in the fol- 
lowing table to identify logical part families and machine groups. Parts are identified by let¬ 
ters. and machines are identified numerically. 

Parts 



15.8 The following table lists the weekly quantilies and routings of ten parts that are being con- 
sidered for cellular manufacturing in a machine shop. Parts are identifi ed by letters, and ma¬ 
chines are identified numerically. For the data given, (a) develop the part-machine incidence 
matrix, and (b) apply the rank order clustering technique to the part-machine incidence ma¬ 
trix to identify logical part families and machine groups. 
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Pert 

Weekly Quantity 

Machine Routing 

Part 

Weekly Quantity 

Machine Routing 

A 

50 

3 -> 2 -» 7 

F 

60 

5 -» 1 

8 

20 

6 -» 1 

G 

5 

3 —* 2 —► 4 

C 

75 

6 -» 5 

H 

100 

3 _+ 2 -> 4 -* 7 

D 

10 

6 -» 5 —* 1 

1 

40 

2 -» 4 -* 7 

E 

12 

3 —► 2 7 —» 4 

J 

15 

6 —» 6 -+ 1 


Machine Cell Organization and Design 

15.9 R>ur machines used to produce a faraily of parts are to be arranged into a GT cell. The 
From-To data for the parts processed by the machines are shown in the tablc below. (a) De- 
termine the most logical sequence of machines for this data using Hollier Method 1. (b) Con- 
struet the flow diagram for the data. showing where and how many parts enter and exit the 
system, (c) Compute the percentage of in-sequence moves and the percentage of back 
tracking moves in the solution, (d) Develop a fcasible layout plan for the cell. 


To: 


From: 


2 3 4 


0 10 0 40 

0 0 0 0 

50 0 0 20 

0 50 0 0 


15.10 Solve Problem 15.9 except using Hollier Method 2. 

15.11 In Problem 15.8. two logical machine groups are identified by rank order dustering For 
each machine group, (a) determine the most logical sequence of machines for this data using 
Hollier Method 1. (b) Construcl the flow diagram for the data. (c) Compute the percentage 
of in-sequence moves and the percentage of backtracking moves in the solution. 

15.12 Solve Problem 15.11 only using Hollier Method 2. 

15.13 Five machines will constitute a UT cell. The Krom- lo data for the machines are shown in the 
table below. (a) Determine the most logical sequence of machines for this data, according to 
Hollier Method 1, and construcl the flow diagram for the data, showing where and how many 
parts entei and exit the system, (b) Repeat step (a) only using Hollier Method 2. (c) Com¬ 
pute the percentage of in-sequence moves and the percentage of backtracking moves in the 
solution for the two methods. Which method is betler, according to these measures? (d) De¬ 
velop a feasible layout plan for the cell based on the better of the two Hollier methods. 




1 0 10 

2 0 0 

3 0 0 

4 70 0 


To: 


3 4 5 


80 0 0 

0 85 0 

0 0 0 

20 0 0 


75 


20 
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15.14 A GT machine cell contains three machines. Machine 1 feeds machine 2, which is the key ma- 
chine in the cel). Machine 2 feeds machine 3. The cell is set up to produce a family of five 
pai is (A, B. C, D, and E-). The operalion times for each pari at each machine are given in the 
table bekjw.The products are to bc produced in the ratios 4:3:2:2:1, respectively. (a) If 35 
hrs/wk are workcd.determine how many of each product will be made by the ccll.(b) What 
is the utilization of each machine in the cell? 


Operation Time (min) 

Part 

Machine 1 

Machine 2 

Machine 3 

A 

4.0 

15.0 

10.0 

B 

150 

18 0 

7.0 

C 

260 

200 

15.0 

D 

15.0 

20.0 

10.0 

E 

8.0 

16.0 

10.0 


15.15 This problem is concerned wilh the design of a GT cel) to machine the componenls for a fam¬ 
ily of parts The parts comc in several different sizes, and the cell will be designed to cjuick- 
ly change over from one size lo the next.This will be accomplishcd using fasi-change fixtures 
and distrihuted mimrrioal control (DNC) to download the NC programs from the plant 
computer lothe CNC machines in the cell The parts are rolationa) type, so the cell must be 
able to perform turning, boring, facing. drilling. and cylindrical grinding operations. Ac- 
cotdingly. there will be several machine tools in the cell. of types and numbers to be spcci- 
fied by the designer To transfer parts between machines in the cell, the designer may eleel 
to usc a bclt or similar conveyor system. Any conveyor equipmenl of this type will be 0.4 m 
wide. The arrangement of the various pieces of equipment in the cell is the principal prob¬ 
lem to be considered. The raw workparts wil! be delivered into the machine cell on a belt 
conveyor. The finished parts must be deposiled onto a conveyor that delivers them to the 
assembly department.Thc input and output conveyors are 0.4 m wide. and the designer must 
specify where they enter and exit the cell.The parts are currently machined by convention- 
al methods in a process-type layout. In the current production method, there are seven ma- 
chines mvolved, bul two of the machines are duplicates. From-To data have been collected 
for the jobs that are relevant to this problem. 




459 


The From-To data indicate the nunibcr of workparts moved between machines during a 
[ypieai 40-hr week.The data refer to Ihe parts considered in the case. The two categories 
“parts in" and “parts out ' indicate parts entering and exiting the seven-machine group. A total 
of 400 parts on average arc proec'xed through the seven machines each week. However. as 
tndicaied by the data. not all 400 parts are processyd by everv machine. Machines 4 and 5 are 
idmtical.and assignment of parts to thesc machines is arbitrary. Average production rate ca- 
pacity or each of the machines for the partieuiar distribution of this parts farmly is given in 
the lablc below. Also given are ihe floor space dimensions of each machine in meters As- 
sumc that all loading and tinloading operations take placc m the center of the machine. 


P-oditCKon hare 


Machine Operation 

1 Turn outside diameter 

2 Bore inside diameter 

3 Face ands 

4 Grind outside diameter 

5 Grind outside diameter 

6 inspect 

7 Drill 


(pc/hr) Machine Dimensions 

9 3.5 m x 1.5 m 

15 3.0 m x 1.6 m 

10 2.5 m x 1.5 m 

12 3.0 m x 1.6 m 

12 3.0 m x 1.5 m 

6 Bench 1.5 m x 1.5 m 

9 1.6 m X 2.5 m 


Operation 6 is currenlly a manual inspcciion operation, h is amicipaled that this manual 
station will be replaced by a coordinate measur.ng machine (CMM).This automated in- 
spcction machine will triplo ihroughpul ratr to 15 parts/hr from 5 parts/hr for the manual 
method.The floor space dimensions of the CMM arc 2.0 m X 1.6 m. All other machines 
currenlly listed arc to be candidates for inclusion in the new machine cell. fa) Analyze the 
problem and determine Ihe most appropriale seque.nce of machines in the cell using the 
data contained in the trom -To chart, (b) Construct the flow diagram for the cell, showing 
where and how many parts enler and exit the cell. (c| Determine the utiluation and pro- 
ductioo capacity of the machines in the cell as you have designed il. (d) Prepare a layout (top 
view) drawing of Ihe GT cell. showing the machines, the robot(s), and anv other pieces of 
equipmcnt in ihe cell. (c) Writc a onc-pagc (or less) desci iplicm of the cell. explaining ihe 
basis ol your design and why Ihe cell is arranged as it is. 
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The flexible manufacturing system (FMS) was identified in the last chapter as one of the 
machine cell types used to iniplement group technology. It is the most automated and tech- 
nologically sophisticated of the GT cctls. In our dassification scheme for manufacturing sys- 
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tems (Section 13.2), an FMS typically possesses multiple automated stations and is capa- 
ble of variable routings among stations (type IIA). 1 Its flexibility allows it to operate as a 
mixed model system (case X for part or product variety). An FMS integrates in to one high¬ 
ly automated manufacturing system many of the concepts and technologies discussed in pre- 
vious chapters. including: flexible automation (Section 1.3.1), CNC machines (Chapters 6 
and 14), distributed computer control (Section 6.3), automated material handling and stor¬ 
age (Chapters LO and 11).and group technology (Chapter 15).The concept for FMSs orig- 
inated in Britain in thc early I960s (Historical Note 16.1).The first FMS installations in the 
United States were made starting around L967.These initial systems performed machin- 
ing operations on families of parts using NC machine tools. 


Historical Note 16.1 Flexible manufacturing systems [23]—[25] 

The flexible manufacturing system was first conceptualized for machining, and it rcquired the 
prior develnpmenr of NC. The concept is credited to David Williamson, a British engineer em- 
ployed by Molins during the mid-1960s. Molins patented the invention (granted in 1965). The 
concept was called Sysrem 24 because il was believed that the group of machine tools com- 
prismg thc system could operate 24 hr/day. 16 hr of which would be unatteoded by human 
workers, The original concept includcd computer control of the NC machines. a variety of 
pnrts being produccd. and tool mngnzincs capablc of holding various tools for different mu- 
chining operations 

Otte of the first FMSs to be installed in the United States was a machining system at In- 
gersoll-Rand Company in Roanoke, Virginia, in the late 1960s by Sundstrand (see Example 
16.1). Other systems introduced soon alter included a Kearney & Trecker FMS at Caterpillar 
Tractor and Cincinnati Milacron's "Variable Mission System" Most of the early FMS installa¬ 
tions in thc United States were in large companies. such as Ingersoll-Rand, Caterpillar, John 
Deere, and General Electric Co.These large companies had the financial resources to make the 
major investments necessary, and they abo possessed the prerequisite experience in NC machine 
tools. computer systems, and manufacturing systems to pioneer the new FMS technology. 

FMSs were also installed in other countries around tbe world. Ir the Federal Rcpublic 
of Gcrmany (West Germany, now Gcrmany), a manufacturing system was developed in 1969 
by Heidlcbergcr Druckmaschincn in enoperation with the University of Stuttgart, In the (for¬ 
mer) U.S.S.R (now Russia) an FMS was demonstrated at the 1972 Slankt Exhibition in Moscow. 
The first Japanese FMS was installed aiound the same time by Fuji Xerox. 

By around 1985, the number of FMS installations throughout the world had inereased 
to about 300. About 20-25% of these were located in the United States As the importance of 
flexibility in manufacturing grows. the number of FMSs is expected to inerease. In recent years, 
there has been an emphasis on smaller, less expensive flexible manufacturing cells. 


FMS technology can be applied in situations similar to those identified for group 
technology and cellular manufacturing; specifically, 

• Presently, thc plant either (1) produces parts in batches or (2) uses manned GT cells 
and management wants to automate. 

• It must be possibfe to group a portion of the parts made in the plant into part fam¬ 
ilies. whose similarities permit them to be processed on the machines in the FMS. 


' Allbough mosi flexible manufacturing systems are type II A. other types are also possible, such as type 
1A and type IIIA. We shall discuss these alternatives later in the chapter. 
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Part similarities can be interpreted to mean that (1) the parts belong to a common 
product, and/or (2) the parts possess similar geometries. In either case. the process¬ 
ing requirements of the parts must be sufficiently similar to allow them to be made 
on the FMS. 

• The parts or products made by the facility are in the mid-volume, mid-variety pro- 
duction range. The appropriate production volume range is 5000-75,000 parts/yr 
[18]. If annual production is below this range, an FMS is likely to be an expensive al¬ 
ternative. If production volume is above this range, then a more specialized produc¬ 
tion system should probably be considered. 

The differences between implementing a manually operated machine cell and installingan 
FMS are: (1) the FMS requires a significantly greater capita! investment because new equip- 
ment is being inslalled rather than existing equipment being rearranged. and (2) the FMS 
is technoiogicallv more sophislicated for the human resources who must make it work. 
However.the potential benefits are substantial.The benefits that can be expected from an 
FMS include: 

• inereased machine utilization 

• fewer machines required 

• reduction in factory floor space required 

• greater responsiveness to change 

• reduced inveniory requirements 

• lower manufacturing lead times 

• reduced direct labor requirements and higher labor productivity 

• opportunity for unattended production 

We elaborate on these benefits in Section 16.3.2. 

In this chapter, we define and discuss flexible FMSs: what makes them flexible, their 
componems, their applications, and considerations for implementing the technology. In the 
final section, we present a mathematical model for assessing the performance of FMSs. 

16.1 WHAT IS AN FMS? 

A flexible manufacturing system (FMS) is a highly automated GT machine cell.consist- 
ing of a group of processing workstations (usually CNC machine tools), interconnected by 
an automated material handling and storage system, and controlled by a distributed com¬ 
puter system. The reason the FMS is called flexible is that it is capabie of processing a va- 
riety of different part styles simultaneously at the various workstations, and the mix of part 
styles and quantities of production can be adjusted in response to changing demand pat¬ 
terns. The FMS is most suited for the mid-variety, mid-volume production range (refer to 
Figure 1.7). 

The initials FMS are sometimes used to denote the term flexible machining system. 
The machining process is presently the largest application area for FMS technology. How- 
ever, it seems appropriate to interpret FMS in its broader meaning, allowing for a wide 
range of possible applications beyond machining. 

An FMS relies on tbe principles of group technology. No manufacturing system can 
be completely flexible.There are limits to the range of parts or products that can be made 
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in an FMS. Accordingly, an FMS Ls designed to produce parts (or products) within a defined 
range of styks, sizes. and processes. In other words. an FMS is capable of producing a sin¬ 
gle part family or a limi ted range of part families. 

A more appropriatc term for an FMS would be flexible automated manufacturing 
system. The use of the word •‘automated” would distinguish this type of production tech- 
nology from other manufacturing systems that arc flexible but not automated, such as a 
manned GT machine cell. On the other hånd. the word “flexible" would distinguish it from 
other manufacturing systems that are highly automated but not flexible, such as a con- 
venlional transfer line. However, the existing terminology is well established. 

16.1.1 What Makes It Flexible? 

The issue of manufacturing system flexibility was discussed previously in Scction 13.2.4. In 
that discussion. we identified three capabilitics that a manufacturing system must possess 
to be flexible: (1) the ablility to identify and distinguish among the different part or prod- 
UCt styles processed by the system, (2) quick changeover of operating instructions, and 
(3) quick changeover of physical setup. Flexibility is an attribute that applies to both man¬ 
ual and automated systems. In manual systems the human workers are often the enablers 
of the system's flexibility. 

To develop the concept of flexibility in an automated manufacturing system, consid- 
er a machine cell consisting of two CNC machine tools that are loaded and unloaded by 
an industrial robot from a parts carousel, perhaps in the arrangement depicted in Figure 
16.1. The cell operates unattended for extended periods of time. Periodically, a worker 
must unload completed parts from the carousel and replace them with new workparts By 
any definition, this is an automated manufacturing cell, but is it a flexible manufacturing 
cell? One might argue that yes, it is flexible. since the cell consists of CNC machine tools, 
and CNC machines are flexible because they can be programmed to machine different 



Figure 16.1 Automated manufacturing cell with two machine tools 
and robot. Is it a flexible cell? 
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part configuralions. However, if thc cell only operates in a batch mode, in which the same 
part stvlc is produced by both machines in lots of several dozen (or several hundred) units, 
then this does not qualify as flexible manufacturing. 

To qualify as being flexible, a manufacturing system should satisfy several criteria.The 
following are four rcasonable tests of flexibility in an automated manufacturing system: 

1. Part variety test. Can the system process different pari slyles in a nonbatch mode? 

2. Schedule change test. Can the system readily accept changes in production Schedule, 
and changes in either part mi* or production quantities? 

3. Error recovery test. Can thc system recover gracefully from equipment malfunctions 
and breakdowns, so that production is not completely disrupted? 

4. New part test. Can new part designs be introduced into the existing product mix with 
relative ease? 

If the answer lo all of these questions is “yes” for a given manufacturing system, then the 
system can bc considered flexible.The most important criteria are (1) and (2). Criteria (3) 
and (4) are softerand can be implcmcntcd at various levcls. In faet, introduction of new part 
designs is not a consideration in some FMSs; such systems are designed to produce a part 
family whose members are all known in advance. 

If the automated system does not meet at least the First three tests, it should not be 
classified as an FMS. Getting back to our illustration, the robotic work cell satisfies the cri¬ 
teria if it: (1) can machine different part configurations in a mix rather than in batches; 
(2) permits changes in production schedule and part mix; (3) is capable of continuing to op¬ 
erate even though one machine experiences a breakdown (e.g., while repairs are being 
made on the broken machine, its work is temporarily reassigned to the other machine); 
and (4) as new part designs are developed. NC part programs are written off-line and then 
downloaded to the system for execution. This fourth capability requires that the new part 
is within thc part family intended for the FMS, so that the tooling used by the CNC machines 
as well as the end effeetor of the robot are suited to the new part design. 

Over the years, researchers and practitioners have attempted to define manufactur¬ 
ing flexibility. These attempts are doeumented in several of our references [3], [7], [23], 
and [26],The result of these efforts is the conclusion that flexibility in manufacturing has 
multiple dimensions; there are various types of flexibility. Table 16.1 defines these flexibil¬ 
ity types and lists the kinds of factors on which they depend. 

To a significant degree, the types of flexibility in Table 16.1 are alternative ways of stat- 
ing our preceding list of flexibility tests for a manufacturing system. The eorrelations are 
mdicated inTtble 16.2. 

16.1.2 Types of FMS 

Having considered thc issne of flexibility and the different types of flexibility that are ex- 
hibited by manufacturing systems, let us now consider the various types of FMSs. Each 
FMS is designed for a specific application, that is, a specific family of parts and processes. 
Therefore, each FMS is custom engineered: each FMS is unique. Given these circumstances, 
one would expect to find a greal variety of system designs to satisfy a wide variety of ap¬ 
plication requirements. 
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TABLE 16.1 Types of Flexibility in Manufacturing. These Concepts of Flexibility Are Not Limited to Flexible 
Manufacturing Systems. They Apply to Botb Manned and Automated Systems. Sources: [3], [7), 
[23], [26] 


Flexibility Type 

Definition 

Depends on Factors Such As: 

Machine flaxihility 

Capability to adapt a given machine 
(workstation) in the system to a wide 
range of production operations and 
part siyles. The greater the range of 
operations and part styles, the greater 
the machine flexibility. 

Setup or changeover time. 

Ease of machine reprogramming (ease 
with which part programs can be 
downloaded to machines). 

Tool storage capacity of machines. 

Skili and versatility of workers in the 
system. 

Production flexibility 

The range or universe of part styles 
that can be produced on the system. 

Machine flexibility of individual stations. 
Range of machine flexibilitles of all 
stations in the system. 

Mix flexibility 

Ability to change the product mix 
while maintaining the same total 
production quantity.that is, producing 
the same parts only in different 
proportions. 

Similarity of parts in the mix. 

Relative work content times of parts 
produced. 

Machine flexibility. 

rroduct flexibility 

base with which design changes can 
be accommodated. Ease with which 
new products can be introduced. 

How closely the new part design matches 
the existing part family. 

Off line part program preparation. 

Machine flexibility. 

Routing flexibility 

Capacity to produce paris through 
alternative workstation sequences in 
response to equipment breakdowns, 
tool failures, and other interruptions at 
individual stations. 

Similarity of parts in the mix. 

Similarity of workstations. 

Duplication of workstations. 

Cross-training of manual workers. 
Common tooling. 

Volume flexibility 

Ability to economically produce parts 
in high and low total quantities of 
production, given the fixed investment 
in the system. 

Level of manual labor performing 
production. 

Amount invested in Capital equipment. 

Expansion flexibility 

Ease with which the system can be 
expanded to inctease total production 
quantities. 

Expense of adding workstations. 

Ease with which layout can be expanded. 
Type of part handling system used. 

Ease with which properly trained workers 
can be added. 


Flexible manufacturing systems can be distinguislied atcording to the kinds of oper¬ 
ations they perform: (1) processing operations or (2) assembly operations (Section 2.2.1). 
An FMS is usually designed to perform one or the other but rarely both. A difference that 
is applicable to machining systems is whether the system wiU process rotational parts or 
nonrotationalparts (Section 13.2.1). Flexible machining systems with multiple stations 
that process rotational parts are much less common than systems that process nonrota¬ 
tional parts. Two other ways to classify FMSs are by: (1) number of machines and (2) level 
of flexibility. 
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TABLE 16.2 Comparison of Four Criteria of Flexibility in a Manufacturing System and the Seven Types 
of Flexibifity 


Ftexibility Tests or Criteria Type of Flexibifity ITable 16. V 


1. Part variaty tast Can the system process different part styles in 
a non-batch mode? 

2. Schedule change test. Can the system readily accept changes 
in production Schedule, changes in either part mix or 
production quantities? 

3. Error recovery test. Can the system recover gracefuHy from 
equipment malfunctions and breakdowns, so that production is 
not completely disrupted? 

4. New part tast. Can new part designs be inlroduced into the 
existing product mix with relative ease? 


Machina flexibility 
Production flexibility 
Mix flexibility 
Volume flexibility 
Expansion flexibility 

Routing flexibility 


Product flexibility 


Number of Machines. Flexible manufacturing systems can be distinguished ae- 
cording to the number of machines in the system. The following are typical categories: 

• single machine cell (type 1A in our classification scheme of Section 13.2) 

• flexible manufacturing cell (usually type II A, sometimes type IIIA, in our classifi¬ 
cation scheme of Section 13.2) 

• flexible manufacturing system (usually type IIA, sometimes type IIIA, in our clas¬ 
sification scheme of Section 13.2) 

A single machine cell (SMC) consists of onc CNC machiniug center combined with 
a parts siorage system for unattended operation (Section 14.2), as in Figure 16.2. Com¬ 
pleted parts are periodically unloaded from the parts storage unit, and raw workparts are 
loaded into it.The cell can be designed to operate in either a batch mode or a flexible 
mode or in combinations of the two. When operated in a batch mode, the machine process¬ 
es parts of a single style in speetfied lot sizes and is then changed over to process a batch 
of the next part style. When operated in a flexible mode, the system satisfies three of the 
four flexibility tests (Section 16.1.1). It is capable of (1) processing different part styles, (2) 
responding to changes in production Schedule, and (4) accepting new part introductions. 
Critcrion (3),error recovery,cannot be satisfied because if the single machine breaks down, 
production stops. 

A flexible manufacturing cell (FMC) consists of two or three processing workstations 
(typicallyCNC machiningcenters or tuming centers) plus a part handling system. The pari 
handling system is connected to a load/unload station. In addition, the handling system 
usually includes a limited parts storage capacity. One possible FMC is illusttated in Figure 
16.3. A flexible manufacturing cell satisfies the four flexibility tests discussed previously. 

A. flexible manufacturing system (FMS) has four or more processing workstations 
connected mechanically by a common part handling system and electronically by a dis- 
tributed compu ter system. Thus, an important distinetion between an FMS and an FMC is 
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Figure 16.2 Single machine cell consisting of one CNC machining 
center and parts storage unit. 


the number of machines: an FMC has two or three machines, while an FMS has four or 
more. 2 A second difference is that the FMS generally includes nonprocessing worksta¬ 
tions that support production but do not directly participate in it.These other stations in- 
clude part/pallet washing stations, coordinate measuring machines, and so on. A third 
difference is that the computer control system of an FMS is generally larger and more so- 
phisticated, often including functions not always found in a cell, such as diagnostics and 
loul muni Luring. These additional functions are needed more in an FMS than in an FMC 
because the FMS is more complex. 

Some of the distinguishing characteristics of the three categories of flexible manu¬ 
facturing cells and systems are summarized in Figure 16.4. Table 16.3 compares the three 
systems in terms of the four flexibility tests. 

Level of Fløxibility. Another classification of FMS is according to the level of flcx- 
ibility designed into the system. This method of classification can be applied to systems 


1 We have defmed the dividiog line ihat separates an FMS from an FMC to be four machines. it should be 
noted that not all praciiuoners would agree with tbat dividing line; some might prefer a higher value while a few 
would prefer a lewer number. Also. the distinetion between cell and system seem6 to apply only to flexible man¬ 
ufacturing systems that are automaied The maitned counterpartsof the6e aystemB dUcussed in the previous chap- 
ter are always reterred to as celh, no matter how many workstations are tncluded. 
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Flgure 16.3 A flexible manufacturing cell consisting of three iden- 
tical processing stations (CNC machining centers), a load/unload 
station, and a part handling system. 
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Flgure 16.4 Features of the three categories of flexible cells and 
systems. 


with any number of workstations, but its application seems most common with FMCs and 
FMSs. 7\vo categories are distinguished here: 

• dedicated FMS 

• randorn-order FMS 
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TABLE 16.3 Flexibility Criteria Appi ed to theThree Types of Manufacturing Cells and Systems 
Flexibility Criteria iTests o f Flexibility) 


System Type 

1. Part Variety 

2. Schedule 
Change 

3. Error Recovery 

4. New Part 

Singlo machine 
cel i tSMCi 

Yes, but processing 
is sequential, not 
simultaneous. 

Yes 

Limited recovery due to 
only one machine. 

Yes 

Flexible 
manufacturing 
cell (FMC) 

Yes, simultaneous 
production of 
different parts. 

Yes 

Error recovery iimited 
by fewer machines 
than FMS. 

Yes 

Flexible 
manufacturing 
system (FMS) 

Yes. simultaneous 
production of 
different parts. 

Yes 

Machine redundancy 
mirirnizes effeet of 
machine breakdowns. 

Yes 


A dedicated FMS is designed to produce a limited variety of pari styles, and the com- 
plete universe of parts to be made on the system is known in advance. The term special 
manufacturing system has also bccn uscd in reference to this FMS type (c.g., [24]).The part 
family is likely to be based on product commonality rather than geometric similarity.The 
product design is considered stable, and so the system can be designed with a certain amounl 
of process specialization to make the operations more efficient. Instead of using general- 
purpose machines, the machines can be designed for the specific processes required to 
make the limited part family, thus inereasing the production rate of the system. In some in- 
stances,the machine sequence may be identical or nearly identical for all parts processed, 
and so a transfer line may be appropriate. in which the workstations possess the necessary 
flexibility to process the different parts in the mix. Indeed, the term flexible transfer line 
is sometimes used for this case [19]. 

A random-order FMS is more appropriate when the part family is large, there are sub- 
stantiai variations in part configurations, there will be new part designs introduced into 
the system and engineering changes in parts currently produced, and the production Sched¬ 
ule is subject to change from day-to day. To accommodate these variations, the ran¬ 
dom-order FMS must be more flexible than the dedicated FMS. It is equipped with 
general-purpose machines to deal with the variations in product and is capable of pro¬ 
cessing parts in various sequences (random-order). A more sophisticated computer Con¬ 
trol system is required for this FMS type. 

We sec in these two system types the trade-off between flexibility and productivity. 
The dedicated FMS is less flexible but more capable of higher production rates. The ran¬ 
dom-order FMS is more flexible but at the price of lower production rates. A comparison 
of the features of these two FMS types is presenied in Figure 16.5. Table 16.4 presents a com¬ 
parison of the dedicated FMS and random-order FMS in terms of the four flexibility tests. 


16.2 FMS COMPONENTS 

As indicated in out definition, there are several basic components of an FMS: (1) work¬ 
stations, (2) materiai handling and storage system, and (3) computer Control system, in ad¬ 
dition, even though an FMS is highly automated, (4) people are required to manage and 
operate the system. We discuss these four FMS components in this section. 
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Figur« 16.5 Comparison of dedicated and random-order FMS types 


TABLE 16.4 Flexibility Critaria Appliad to Dedicated FMS and Random-Ordar FMS 


System Type 


Flexibility Critaria (Tests o f Flexibility) 


7. Part Variøty 

2. Schedule Change 

3. Error recovery 

4. New part 

Dedicated 

FMS 

Limited. All parts 
known in 
advance. 

Limited changes can 
be tolerated. 

Limited by sequential 
processes. 

No. New part 
introductions 
dlfficuit. 

Random- 

order 

FMS 

Yes. Substantial 
part variations 
possible. 

Frequent and 
significant 
changes 
possible. 

Machine redundancy 
minimizes effeet 
of machine 
breakdowns. 

Yes. System 
designed 
for new part 
introductions. 


16.2.1 Workstations 

The processing or assembly equipment used in an FMS depends on the type of work ac- 
complished by the system. In a system designed for machining operations, the principle 
types of processing station are CNC machine tools. However, the FMS concept is also ap- 
plicable to various other processes as well. Following are the types of workstations typically 
found in an FMS. 

LoadAJnload Stations. The load/unload station is the physical interface between 
the FMS and the rest of the factory. Raw workparts en ter the system at this point, and fin¬ 
ished parts exit the system from here. Loading and unloading can be accomplished either 
manually or by automated handling systems. Manual loading and unloading is prevalent in 
most FMSs today. The load/unload station should be ergonomically designed to permit 
con venient and safe movement of workparts. For parts that are too heavy to lift by the op¬ 
erator, mechanized cranes and other handling devices are installed to assist the operator. 
A certain level of cleanliness must be maintained at the workplace, and air hoses or other 
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washing facilities are often required to flush away chips and ensure clean mounting and lo- 
cating points. The station is often raised stightly above floor level using an open-grid plat¬ 
form to permit chips and cutling fluid to drop through the openings for subsequent recycling 
or disposal. 

The load/unload station should include a data entry unit and monitor for communi- 
cation bctween the operator and the computer system. Instruclions must be given to the 
operator regarding which part to load onto the nett pallet to adhere to the production 
Schedule.In cases when different pallets are required for different parts, the correct pallet 
must be supplied to the station. In cases where modular fixturing is used, the corred fix- 
ture must be specified. and the required components and tools must be available at the 
workstation to build il. When the part loading procedure has been completed. the han¬ 
dling system must procced to launch the paliet into the system; however, ihe handling sys¬ 
tem must be prevented from moving the pallet while the operator is still working. All of 
these circumstances require communication hetween the computer system and the oper¬ 
ator at the load/unload station. 

Machining Stations. The mist common applications of FMSs are machining op 
erations.The workstations used in these systems are therefore predominantly CNC machine 
tools. Most common is the CSC machining center (Section 14.3.3): in particular. the hor¬ 
isontal machining center. CNC machining centers possess features that make them com- 
patible with the FMS, including automatic tool changing and tool storage, use of palletized 
workparts, CNC, and capacity for distributed numerical Control (DNC) (Section 6.3). Ma¬ 
chining centers can be ordered with automatic pallet changers that can be readily interfaced 
with the FMS part handling system. Machining centers are generally used for nonrota- 
tional parts. For rotational parts, tuming centen are used; and for parts that are mostly ro¬ 
tational hut require multitooth rotational cutlers (milling and drilling), mill-tum centers 
can be used. 

In some machining systems, the types of operations performed are concentrated in a 
certain category, such as milling or tuming. For milling, special milling machine modules 
can be used to achieve highei production levels than a machining center is capable of.The 
milling module can be vertical spindle. horizontal spindle, or multiple spindlu. For tuming 
operations, special tuming modules can be designed for the FMS In conventional tum 
ing, the workpiece is rotated against a tool that is held in the machine and fed in a direc- 
tion parallel to the axis of work rotation. Farts made on most FMSs are usually 
nonrotational: however. they may require some tuming in their process sequence. For these 
cases, the parts are held in a pallet fixture throughout processing on the FMS, and a turn- 
ing module is designed to rotate the single point tool aTOund the work. 

Other Processing Stations. The FMS concept has been appiied to other pro¬ 
cessing operations in addition to machining. One such application is sheet metal fabrica- 
tion processes, reported in [44], The processing workstations consist of pressworlcing 
operations, such as punching, shearing, and certain bending and forming processes. Also, 
flexible systems are being developed to automate the forging process [41]. Forging is tra- 
ditionally a very labor-intensive operation.The workstations in the system consist princi¬ 
pally of a heating furnace, a forging press. and a trimming station. 

Assembly. Some FMSs are designed to perform assembly operations. Flexible 
automated assembly systems are being developed to replace manual labor in the assembly 
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of products typically made in batches. Industrial robots are often used as the automated 
workstations in thcsc flexible assembly systems. They can be programmed to perform 
tasks with variations in sequence and motion pattern to accommodate the different prod- 
uct styles assembled in the system. Other examples of flexible assembly workstations arc 
the programmablc component placement machines widely used in clectronics assembly. 

Other Stations and Equipment. Inspection can be incorporated into an FMS, ci- 
ther by induding an inspection operation at a processing workstation or by including a 
station specifically designed for inspection. Coordmate measuring machines (Section 23.4), 
special inspection probes that can be used in a machine tool spindlc (Section 23.4.6), ard 
machine vision (Section 23.6) are three possible technologies for performing inspection 
on an FMS Inspection hasbeen found to be particularlv importanl in flexible assembly sys¬ 
tems to ensure that components have been properly added at the workstations. We exan- 
ine the topic of automated inspection in more detail in Chapter 22 (Section 22.3). 

In addition to the above, other operations and funetions are often accomplished on 
an FMS.Thesc indude stations for cleaning parts and/or pallet fixtures.central coolant de- 
livery systems for the entire FMS. and centralized chip removal systems often installed 
below floor level. 

16.2.2 Material Handling and Storage System 

The scconc major component of an FMS is its material handling and storage system. In this 
subsection, we discuss the funetions of the handling system, material handling equipment 
typically used in an FMS, and types of FMS layout. 

Funetions of the Handling System. The material handling and storage system 
in an FMS performs the following funetions: 

• Random, independent movement of workparts between stations. This means that 
parts must be capable of moving from any one machine in the system to any other ma¬ 
chine. to provide various routing alternatives for the different parts and to make ma¬ 
chine substitutions when certain stations are busy. 

• Handle a varlety of workpart conflgurations. For prismatic parts, this is usually ac¬ 
complished by using modular pallet fixtures in the handling system. The fixture is lo- 
cated on the top face of the pallet and is designed to accommodate different part 
configurations by means of common components, quick-change features, and other 
devices that permit a rapid build-up of the fixture for a given part. The base of the 
pallet is designed for the material handling system. For rotational parts, induslrial ro¬ 
bots are often used to load and unload the tuming machines and to move parts be¬ 
tween stations. 

• Temporary storage. The number of parts in the FMS will typically exceed the num- 
ber of parts actually being processed at any moment. Thus, each station has a small 
queue of parts waiting to be processed. which helps to inerease machine utilization. 

• Convenient access for loadlng and unloadlng workparts.The handling system must 
include locations for load/unload stations. 

• Compatible with computer central. The handling system must be capable of being 
controlled direetly by the computer system to direct it to the various workstations, 
load/unload stations, and storage areas 
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Material Handling Equipment. The lypeb of maierial handling systems used to 
transfer partsbetween stations in an FMS include a variety of convcntional material trans¬ 
port equipment (Chaptcr 10), in-line transfer meehanisms (Section 18.1.2),and industrial 
robots (Chaptcr 7) The material handling funetion in an FMS is often shared between two 
systems: (1) a primary handling system and (2) a secondary handling systein. The prima¬ 
ry handling system establishes the basic layout of the FMS and is responsible for nioving 
workparts between stations in the system. The types of material handling equipment typ- 
ically utilized for FMS layouts are summarized in Table 16.5. 

The secondary handling system consists of transfer devices, automatic pallet chang- 
crs,and similar meehanisms located at the workstations in the FMS.The funetion of the sec¬ 
ondary handling system is to transfer work from the primary system to the machine tool 
or other processing station and to position the parts with sufficient accuracv and repeata- 
bility to perform the processing or assembly operation. Other purposes served by the sec¬ 
ondary handling system include: (1) rcorientation of the workpart if necessary to present 
the surfacc that is to be processed and (2) buffer storage of parts to minimize work change 
time and maximize station utilization. In some FMS installations, the positioning and reg- 
isiration requirements at the individual workstations are satisfied by the primary work 
handling system. In these cases, the secondary handling system is not included. 

The primary handling system is sometimes supported by an automated storage sys¬ 
tem (Section 11.4). An example of storage in an FMS is illustrated in Figure 16.6.The FMS 
is integrated with an automated storage/retrieval system (AS/RS), and the S/R machine 
serves the work handling funetion for the workstations as well as delivering parts to and 
from the storage racks. 

FMS Layout Configurations. The material handling system establishes the FMS 
layout. Most layout configurations found in today’s FMSs can be divided into five catc- 
gories: (1) in-line layout, (2) loop layout, (3) ladder layout. (4) open field layout, and 
(5) robot-cenlered cell. 

In the in-line layout, the machines and handling system are arranged in a straight line, 
as illustrated in Figures 16.6 and 16.7. In its simplest form. the parts progress from one 
workstation to the next in a wcll-defined scquence. with work always moving in one di- 
rection and no back flow, as in Figure 16.7(a).The operation of this type of system is sim- 
ilar to a transfer line (Chapter 18). excopt thal a variety of workparts are processed in the 

TABLE 16.5 Material Handling Equipment Typically Used as the Primary Handling 
System for the Five FMS Layouts IChapter or Section Identified in 
Parentheses) 


Layout Configuration Typical Material Handling Sysrem (Chapter or Section) 


In-line layout 

Loop layout 
Ladder layout 

Open field layout 
Robot-centered layout 


In-line transfer system (Section 18.1.2) 

Conveyor system (Section 10.4) 

Rail guided vehicle system (Section 10.3) 
Conveyor system (Section 10.4) 

In-floortowline carts (Section 10.4) 

Conveyor system (Section 10.4) 

Automated guided vehicle system (Section 10.2) 
Karl guided vehicle system (Section 10.3) 
Automated guided vehicle system (Section 10.2) 
In-floor towline carts (Section 10.4) 

Industrial robot (Chapter 7) 
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Figurs 16.6 FMS that incorporates an automated storage and re- 
trieval system for handling and storing parts. Key: AS/RS = auto¬ 
mated storage/retrieval system, S/R = storage/retrieval machine 
(also known as a stacker crane), CNC = computer numerical 
control. 


system. Since all work units follow the same routing sequence, even though the processing 
vanes at each station, this system is dassified as type IIIA in our manufacturing systems 
classification system. For in-line systems requiringgreater routing flexibility,a linear trans¬ 
fer system that permits movement in two directions can be installed. One possible arrange¬ 
ment for doing this is shown in Figure 16.7(b), in which a secondary work handling system 
is provided at each workstation to separate most of the parts from the primary line. Because 
of the variations in routings, this is a type IIA manufacturing system. 

In the loop layout , the workstations are organized in a loop that is served by a part 
handling system in the same shape.as shown in Figure 16.8(a). Parts usually flow in one di- 
rection around the loop, with the capability to stop and be transferred to any station. A sec- 
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(a> 


C'ompkMed parts 



Figure 16.7 In-linc FMS layouts: (a) one direction flow similar to a 
transfer line and (b) linear transfer system with secondary part han¬ 
dling system at each station to facilitate flow in two directions. Key: 
Load = parts loading station. UnLd = parts unloading station. 
Mach = machining station. Man = manual station. Aut = auto¬ 
mated station. 


ondary handling system is shown at each workstation to permit parts to move without ob¬ 
struction aroimd the loop.The load/unload station(s) arc typically located at one end of the 
loop. An alternative form of loop layout is the rectangular layout. As shown in Figure 
16.8(b), this arrangement might be used to return paUets to the starting position in a straight 
line machine arrangement. 

The ladder layout consists of a loop with rungs between the straight sections of the 
loop, on which workstations are located, as shown in Figure 16.9. The rungs inerease the pos- 
sible ways of getting from one machine to the next, and obviate the need for a secondary 
handling system. This reduces averagc travel distance and minimizes congestion in the 
handling syslem, thereby reducing transport time between workstations. 

The open field layout consists of multiple loops and ladders and may include sidings 
as well, as illustrated in Figure 16.10. This layout type is generally appropriate for pro¬ 
cessing a large family of parts. The number of different machine types may be iimited, and 
parts are routed to different workstations depending on which one becomes available first. 

The robot-centered cell (Figure 16.1) uses one or more robots as the material han¬ 
dling system. Industrial robots can be equipped with grippers thal make them well suited 
for the handling of rotationai parts, and robot-centered FMS layouts are often used to 
process cylindrical or disk-shaped parts. 






(b) 

Figure 16.8 (a) FMS loop layout with secondary part handling sys¬ 
tem at each station to allow unobstructed flow on loop and (b) rec- 
tangular layout for recirculation of pallets to the first workstation in 
thesequence. Key: Load = parts loading station, UnLd = parts un- 
loading station. Mach = machiningstation, Man = manual station, 

Aut = automated station. 

16.2.3 Computer Control System 

The FMS includes a distributed computer system that is interfaced to the workstations, 
material handling system, and other hardware components. A typical FMS computer sys¬ 
tem consists of a central computer and microcomputere controlling the individual machines 
and other components The central computer coordinates the activities of the components 
to achieve smooth overall operation of the system. Functions performed by the FMS com¬ 
puter control system can be grouped into the following categories: 

1. Workstation control. In a fully automated FMS, the individual processing or assem- 
bly stations generally operatc under some form of computer control. For a machin¬ 
ing system, CNC is used to control the individual machine tools. 

2. Distribution of control instructions to workstations. Some form of central intelli¬ 
gence is also required to coordinate the processing at individual stations. In a ma- 
chining FMS, part programs must be downloaded to machines, and DNC is used for 
this put pose. The DNC system stores the programs, allows submission of new pro¬ 
grams and editing of existing programs as needed, and performs other DNC func¬ 
tions (Section 6.3). 
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Figure 16.9 FMS ladder layout. Key: Load = parts loading station, 

UnLd = parts unloading station. Mach = machining station, 

Man = manual station, Aut = automated station. 

3. Produetion control.The part mix and rate at which the various parts are launched into 
the system must be managed. Input data required for produetion control includes 
desired daily produetion rates per part. numbers of raw workparts available. and 
number of applicable pallets. 3 The produetion control funetion is accomplished by 
routing an applicable pallet to the load/unload area and providing instructions to the 
operator for loading the desired workpart. 

4. Traffic control. This refers to the management of the primary material handling sys¬ 
tem that moves workparts between stations. Traffic control is accomplished by actu- 
ating switches at branches and merging points, stopping parts at machine tool transfer 
locations, and moving pallets to load/unload stations. 

5. Shuttle control. This control funetion is coocerned witb the operation and control of 
the secondary handling system at cach workstation. Each shuttle must be coordinat- 
ed with the primary handling system and synchronized with the operation of the ma¬ 
chine tool it serves. 

■'The tenr. applicable pallel refers lo a palfct thal is fiitured lo accept a workpart o/ the desired type. 
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Figure 16.10 Open field FMS layout. Key: Load = parts loading. 
UnLd = parts unloading. Mach = machining, Clng = cleaning, 
Insp = inspeclion. Man =* manual. Aut = automaled, AGV = au- 
lomated guided vehicle. Rcchg = battery recharging station for 
AGVs. 


6. Workpieee monitoring. The computer must monitor the status of each earl and/or 
pallet in the primary and secondary handling systems as well as the status of each of 
the various workpieee types. 

7, Tool conirol. In a machining system, cutting tools are required.Tool control is con- 
cerned with managing two aspects of the cutting tools: 

• Tool location. This involves keeping track of the cutting tools at each worksta¬ 
tion. If one or more tools required to process a particular workpieee is not pre¬ 
sent at the station that is specified in the part's routing, the tool control subsystem 
takes one or both of the following actions: (a) determines whether an alternative 
workstation that has the required tool is available and/or (b) notifies the opera¬ 
tor responsible for tooling in the system that the tool storage unit at the station 
must be loaded with the required cutter(s). 
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• Tool life monitoring. In this aspccl of tool control. a tool life is specified to the 
computer for each cutting tool in thc FMS. A record of the machining time usage 
i-, maintained for each of the tools. and »hen the cumulative machining time 
rcaches thc specified life of the tool, the operator is notified that a tool replace- 
ment is needed. 

K. Performance monitoring andreporting. I'hc computer control system is programmed 
to collect dala on thc operation and performance of the FMS. This data is pcriodically 
summarized, and reports are prepared for management on system performance. Some 
of the itnportant reports that indicate FMS performance are listed in Table 16.6. 

9. Diagnostics. This funetion is available lo a greater or lesser degree on many manu¬ 
facturing systems to indicate the probable source of the problem when a malfunction 
occurs. It can also bc used to plan preventive maintenance iu Ihe system and to iden- 
tifv impending failurcs.The purpose of the diagnostics funetion is to reducc break¬ 
downs and downtime and inerease availability of the system. 

The modular structurc of the FMS application software for system control is illus- 
trated in Figure 16.11. It should he noted Ihat an FMS possesses the characteristic archi- 
tectureof a DNC system. As in other DNC systems, two-way conununication is used. Data 
and commands are sent from the central computer to thc individual machines and other 
hardware components. and data uu cnecuiion and performance are transmitted from the 
components back up to the central computer. In addition, an uplink from thc FMS to the 
corporate host computer is provided. 

16.2.4 Human Resources 

One addilional component in the FMS is human labor. Humans are needed to manage the 
operations of the FMS. Functions typically performed hy huntans include: (1) loading raw 
workparts into the system, (2) unloading finished parts (or assemblies) from the system. 
(3) changing and setting tools. (4) equipmcnt maintenance and repair, (5) NC part pro- 
gramming in a machining system, (6) pmgramming and operating the computer system, and 
(7) overall management of the system. 

TABLE 16.6 Typical FMS Performance Reports 

Type of Report Oescription 


i vailability Availability is a reliability measure. This report summcirizes the uptime proportion 

of the workstations. Details such as reasons for downtime are included to 
identify recurring oroblem areas. 

Utilization This report summarizes the utilization of each workstation in the system as well 

as the average utilization of the FMS for specified periods (days, weeks, 
months). 

Productionperformance This report summarizes data on daily and weekly quantities of different parts 
produced by the FMS. The reports compare the actual quantities against the 
production schedule. 

Tooling Tooling reports provide information on various aspects of tool control, such as a 

listing of tools at each workstation and tool life stat us. 

Status The status report provides an instantaneous 'snapshot' of the present condition 

nf the FMS. Line supervision can request this repor: at any time lo learn the 
current status of system operating parameters such as workstation utilization, 
availability (reliability), cumulative piece counts, paillets, and tooling. 
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Figure 16.11 Structure of FMS application software system. Key: 
NC = numerical control. Aut = automated workstation. 


16.3 FMS APPLICATIONS AND BENEFITS 

In this section, we explore the applications of FMSs and the benefits that result from these 
applications. Many of the findings from the industrial survey on cellular manufacturing (re¬ 
ported in Section 15.5.2) are pertinent to FMSs, and we refer the reader to that report [43]. 

16.3.1 FMS Applications 

The concept of flexible automation is applicable to a variety of manufacturing operations. 
In this section. some of the important FMS applications are reviewed. FMS technology is 
most wide ly applied in machining operations. Other applications include sheet metal press- 
working, forging, and assembly. Here some of the applications are examined using case 
study examples to illustrate. 

Flexible Machining Systems. Hislorically, most of the applications of flexible ma¬ 
chining systems have been in milling and driliing type operations (non rotation al parts), 
using NC and subsequently CNC machining centers. FMS applications for turning (rota¬ 
tional parts) were much less common until recently, and the systems that are installed tend 
to consist of fewer madhines. For example, single machine cells consisting of parts storage 
units, part loading robots, and CNC turning centers aje widely used today, althougb not 
always in a flexible mode. Let us explore some of the issues behind this anomaly in the de- 
veiopinent of flexible machining systems. 

Bly contrast with rotational parts, nonrotational parts are often too heavy for a human 
operator to easily and quickly load into the machine tool. Accordingly, pallet fixtures were 
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developed so that these parts could he loaded onto the pallet off-line and then the part-on- 
pallet couid be moved into position in front of the machine tool spindle. Nonrotational 
parts also tend lo bc more expensive than rotational parts, and the manufacturing lead 
times tcnd to be longer. These factors provide a strong incentive to produce them as effi- 
ciently as possible, using advanced technologies such as FMSs. For these reasons, the tech- 
nology for FMS milling and driUing applieations is more mature today than for FMS turning 
apphcations. 

EXAMPLE 16.1 FMS at Ingersoll-Rand in Roanoke, Virginia 

One of the first FMS installations in the United States was at the Roanoke, Vir¬ 
ginia, plant of the Tool and Hoist Division of Ingersoll-Rand Corp. The system 
was installcd by Sundstrand in the late 1960s. It consists of two five-axis ma- 
chining centers, two four-axis machining centers, and two four-axis drilling raa- 
chincs. The machines are each equipped with 60-tool storage drums and 
automatic tool changers and pallet changers. A powered roller conveyOT system 
is used for the primary and secondary workpart handling systems. Three oper¬ 
ators plus one foreman run the system three shifts. Up to 140 part numbers are 
machined on the system. The parts begin as cast iron and aluminum castings 
and are machined into motor cases, hoist casings, and so on. Part size capobili- 
ty ranges up to a 0.9 m cube (36.0 in). Production quantities for the various part 
numbers range from 12 per year to 20,000 per year. The layout of the system is 
presented in Figure 16.12. 



Figure 16.12 Layout of Ingersoll-Rand FMS in Roanoke, Virginia. 


EXAMPLE 16.2 FMS at Aveo-Ly Corning 

An FMS was designed and installed by Kearney & Trecker Corporation at the 
Avco-Lycoming plant in Williamsport. Pennsylvania, to manufacture aluminum 
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Figure 16.13 FMS layout at Avco-Lycoming in Williamsport.Penn- 
sylvania. 

crankcase halves for aircraft engines.The layout is an open field type and is il- 
lustrated in Figure 16.13. The handling of workparts between machines is per- 
formed by an in-floor towline cart system with a total of 28 pallet carts.The 
system contains 14 machine tools: one duplex multispindle head indexer, two 
simplex multispindle head indexers. and 11 machining centers. In a multispin¬ 
dle head indexer, machining heads are attached to an indexing mechanism that 
indexes (rotates in specificd angular amounts) to bring the correct machining 
head into position to address the work. A simplex unit processes the work on 
one side only, while a duplex has two indexers on opposite sides of the work. Ma¬ 
chining centers are described in Section 14.3.3. 

EXAMPLE 163 Vought Aerospace FMS 

An FMS installed at Vought Aerospace in Dallas. Texas, by Cincinnati Milacron 
is shown in Figure 16.14. The system is used to machine approximately 600 dif- 
ferent aircraft components. The FMS consists of eight CNC horizontal ma¬ 
chining centers plus inspection modules. Part handling is accomplished by an 
automated guided vehicie system using four vehicles. Loading and unloading of 
the system is done at two stations.These load/unload stations consist of storage 
carousels that pennit parts to be stored on pallets for subsequent transfer lo 
the machining stations by the AGVS. The system is capable of processing a se- 
quence of single, one-of-a-kind parts in a continuous mode. permitting a com- 
plete set of components for one aircraft to be made efficiently without batching. 

Other FMS Applications. Pressworking and forging are two other manufacturing 

processes in which efforts are being made to develop flexible automated systems. Refer- 
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Figure 16.14 FMS at Voughl Aircraft (Hue drawing courtesy of 
Cincinnati Milacron). 


ences [41] and [44] describc the FMS lechnologies involved. The following example illus- 
tratcs the development efforts in the pressworkingarea. 

EXAMPLE 16.4 Flexible Fabricating System 

The term flexiblc fabricating system (FFS) is sometimes used in connection 
with systems that perform sheet metal pressworking operations. One FFS con- 
cept by Wiedemann is illustrated in Figure 16.15. The system is designed to un- 
load sheet metal stock from the automated storage /ret rieval system (AS/RS), 
move the stock by rail-guided cart to the CNC punch press operations, and then 
move the finished parts back to the AS/RS. all under computer control. 


Flexible automation concepts can be applied to assembly operations. Although some 
examples have included industrial robots to perform the assembly tasks, the following ex¬ 
ample illustrates a flexible assembly system that makes minimal use of industrial robots. 

EXAMPLE 16.5 Assembly FMS at Allen-Bradley 

An FMS for assembly installed by Allen-Bradley Company is reported in [42], 
The "flexible automated assembly line’ produces motor starters in 125 model 
stylcs.Thc line boasts a 1-day manufacturing lead time on Jot sizes as low as 
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Figure 16.15 Flexible fabricating system for automated sheet metal 
processing (based on line drawing provided courtesy of Wiedemann 
Division, Cross & Trecker Co.) 


onc and production rates of 600 units/hr. The system consists of 26 workstations 
that perform all assembly, subassembly, testing, and packaging required to make 
the product.The stations are linear and rotary indexing assembly machines with 
pick-and-place robots performing certain handling functions between the ma¬ 
chines. 100% automated testing at each step in the process is used to achieve very 
high quality levels. The flexible assembly line is controlled by a system of 
Allen-Bradley programmable logic controllers. 


16.3.2 FMS Benefits 

A number of benefits can be expected in successful FMS applications. The principal ben¬ 
efits are the following: 

• Increased machine utllization. FMSs achieve a higher average utilization than ma¬ 
chines in a conventional batch production machine shop. Reasons for this include: 
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(1) 24 hr/dav operation. (2) automatie tool changing at machine tools. (3) automat- 
ic pallet changing at workstations. (4) queues of parts at stations, and (5) dynamic 
scheduling of production that takes into account irregu lari ties from normal operations. 
It shou d be possible to approach 80-90% asset utili/ation by implementing FMS 
technology [231- 

Fen-er machines required Because of highet machine utilization. fewer machines 
are required. 

Reduction in factory Jloor spare required. Compared with a job shop of equivalent 
capacity. an FMS generally requircs less floor area. Reductions in floor Space re- 
quircmcnts are estimated (o be 40-509f [23J. 

Greater responsiveness to change. An FMS improves response capability to part de¬ 
sign changes, introduclion of new parts, changes in production Schedule and producl 
mix. machine breakdowns, and cutting tooj failures. Adjustments can be made in the 
production Schedule from one day to the next to respond to rush orders and special 
cusiomer requcsts. 

Reduced inventory requirements. Because different parts are processed together 
rather than separately in batches. work-in-process (WIP) is less than in a batch pro¬ 
duction mode.The inventory of starting and Finished parts can be reduced as well, In- 
vemory reductions of 60-80/i are estimated [23]. 

Lower manufacturing iead times. Closely correlated with reduced WIP is the lime 
spent in process by the parts. This means faster customer deliveries. 

Reduced direct labor requirements and higher laborproductivity. Higher production 
rates and lower reliance on direct labor translate to greater productivity per labor hour 
with an FMS than with conventional production methods. Labor sttvings of 30-50% 
arc estimated [23]. 

Opportunitx for unattendedproduction. The high level of automation in an FMSal- 
lows it to operate for extended periods of time without human attention. In the most 
optimistic scenario, parts and tools are loaded into the system at the end of the day 
shift, and the FMS continues to operate throughout the night so that the finished 
parts can be unloaded the next morning. 


16.4 FMS PLANNiNG AND IMPLEMENTATION ISSUES 

Implementation of an FMS represents a major investment and commitment by the user 
company. It is important that the installation of the system be preceded by thorough plan¬ 
ning and design, and that ils operation be characterized by good management of all re- 
sources: machines, tools, pallets. parts and pcople. Our discussion of these issues is organized 
along these lines: (1) FMS planning and design issues and (2) FMS operational issues. 

16.4.1 FMS Planning and Design Issues 

The initial phase of FMS planning mast consider the parts that will be produced by the sys¬ 
tem. The issues are similar to thosc in GT machine cell planning (Section 15.4.2).They include: 

• Part family considerations. Any FMS must be designed to process a limited range 
of part (or product) styles. The boundaries of the range must be decided. fn effeet, 
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Ihe part family that will be proeessed on the FMS must be defined. I'he definition of 
part families to be proeessed on the FMS can bc based on product commonality as 
well as on part simiiarity.The term product commonality refers to different com- 
ponents used on the same product. Many successful FMS installations arc designed 
to accommodate part families defined by this criterion. This allows all of the com- 
ponents required lo assemblc a given product unit to be completed just prior to be- 
ginning of assembly. 

• Processing requirements. The types of parts and their processing requirements de- 
terminc the types of processing equipment thal will bc used in the system. In ma- 
chining applications. nonrotational parts are produeed by machining centers, milling 
machines, and like machine tools; rotational parts are machined by luming centers and 
similar equipment. 

« Physical characteristics of the workparts. The size and weight of the parts deter- 
mine the size of the machines at the workstations and the size of the material han¬ 
dling system that must be used. 

• Product ion volume. Quanlitics to be produeed by the system determine how many 
machines wtll be required. Production volume is also a factor in selecting the most ap- 
propriale type of material handling equipment for the system. 

After the part family, production volumes,and similar part issues have been decided,design 
of the system can proceed. Important factors that must be specified in FMS design include: 

• Types of works tat ions. The types of machines are determined by part processing re¬ 
quirements Considcration of workstations must also includc the load/unload station(s). 

• Variations in process routings and FMS layout. If variations in process sequence 
are minimal, then an in-line flow is mosl appropriate. As product variety inereases, 
a loop is more suitable. If there is significant variation in the processing, a ladder lay¬ 
out or open field layout are the most appropriate. 

• Material handling system. Selection of the material handling equipment and layout 
are closely related, since the type of handling system limits the layout selection to 
some extern.The material handling system includes both primary and sccondary han¬ 
dling systems (Section 16.2.2). 

• Work-in-process and storage capacity. The level of WIP allowed in the FMS is an im¬ 
portam variable in determining utilization and efficiency of the FMS. If the WIP level 
is too low, then stations may become starved for Work, causing reduced utilization. If 
the WIP level is too high, then congestion may result. The WIP level should be 
planned, not just allowed to happen. Storage capacity in the FMS must bc compati- 
ble with WTP level. 

• Tooling. Tooling decisions includc types and numbers of tools at each station. Con- 
sideratton should also be given to the degree of duplication of tooling at the differ¬ 
ent stations.Tool duplication tends to inerease routing flexibility (Table 16.1). 

• Pallet fixtures. In machining systems for nonrotational pares, the number of pallet 
fixtures required in the system must be dccidcd. Factors influeacing ilte decision in¬ 
clude: fevels of WIP allowed in the system and differences in part style and size. Parts 
that differ too mueh in configuration and size require different fixturing. 



Sec. 16.5 i Quanttative Analysis of Flexible Manufacturing Systems 


487 


16.4.2 FMS Operational Issues 

Once Ihe FMS is installed.then the existing resources of Ihe FMS must bc optimized to mce'. 
production requirements and achieve operational objectives rclated to profit, qualily. and 
customer salisfaclion. The opcrational problems that must bc solved include [24], [26|. [35]: 

• Scheduling and dispaiching. Scheduling of production in the FMS is dictalcd by the 
mastet production Schedule (Section 26.1). Dispatching is concerned with launching 
of parts into the system at the appropriate times. Several of the problem areas below 
are related to the scheduling issue. 

• Machine loading. This problem is concerned with allocaling the operations and tool- 
ing resourccs anrong the machines in the system to accomplish the required produc¬ 
tion schcdulc. 

• Pari routing. Routing decisions involve selecting the routes that should be followed 
by each part in the production mix to maximize use of workstation resources. 

• Pari grouping. This is concerned with the selection of groups of part types for si- 
multaneous production, given limitations on available tooling and other resources at 
workstations. 

• Tool manojtmtnl. Maiirtging llic available lools iucludcs decisions uii wlien tu diangc 
tools. allocation of tooling to workstations in the system, and similar issues. 

• Pallet andfixture allocation. This problem is concerned with the allocation of pal- 
lets and fixtures to the parts being produced in the system. 


16.5 QUANTITATIVE ANALYSIS OF FLEXIBLE 
MANUFACTURING SYSTEMS 

Most of the design and operational problems identified in Section 16.4 can bc addressed 
using quantitative analysis tcchniques. FMSs have constituted an active area of interest ir 
operations research, and many of the important contributions are included in our list of ref¬ 
erences. FMS analysis techniques can be classified as follows: (1) deterministic models, 
(2) queueing models. (3) discrele event simulation, and (4) other approaches. including 
heuristics. 

To obtain starting estimates of system performance. deterministic models can be 
used. Later :n this section, we present a deterministic modeling approach [hat is useful in 
the beginning stages of FMS design lo provide rough estimates of system parameters such 
as production rate, capacity. and utilization. Deterministic models do not permit evaluation 
Of operating characteristics such as the build-up of queues and other dynamics that can im- 
pair performance of the production system. Consequently, deterministic models tend to 
overestimate FMS performance. On the other hånd, if actual system performance is mueh 
lowcr than the estimates provided by these models, il may be a sign of either poor system 
design or poor management of the FMS operation. 

Queueing models can be used to describe some of the dynamics not accounted for ir. 
detcraunisiic approaches. These models are based on the mathematical theory of queues 
t hcy permit the iiiclusion of queues, but only in a general way and for relatively simple sys¬ 
tem configurations.The performance measures that are calculated are usually averagc val- 
ues for steady-statc operation of Ihe system. Examples of queueing models to study FMSs 
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include [4], [33], and [36]. Probably the most well known of the FMS queueing models is 
CAN-O |31), [32]. 

In ihe laler stages of design, discrete event simulation probably offers the most ac- 
curate methcid for modeling the specific aspects of a given FMS [28], [45], The computer 
model can be constructed to closely resemble the details of a complex FMS operation. 
Characteristics. such as layout configuration, number of pallcts in the system, and produc- 
tiort scheduling rules can be incorporated into the FMS simulation model. Indeed, the sim¬ 
ulation can be helpful in determining optimum values for these parameters. 

Other techniques that have been applied to analyze FMS design and operational 
problems include mathematical programming [34] and various heuristic approaches [1], 
[17]. Several literature reviews on operations research techniques directed at FMS prob¬ 
lems are included among our references, specifically [2], [6], [20], and [37], 

16.5.1 Bottleneck Model 

Important aspects of FMS performance can be mathematically described by a determin- 
istic model cailcd the bottleneck model, developed by Solberg [33]“. Nolwilhstanding the 
(imitations of a deterministic approach, the value of the bottleneck model is that it is sim¬ 
ple and intuitive. It con bc used to provide starting estimates of FMS design parameters such 
as production rate and number of workstations. The term bottleneck refers to the faet that 
the output of the production system has an upper limit, given that the product mix flow- 
ing through the system is fixed. The model can be applied to any production system that 
possesses this bottleneck feature, for example, a manually operated machine cell or a pro¬ 
duction job shop. It is not limited to FMSs. 

Terminology and Symbols. Let us define the features, terms, and symbols for the 
bottleneck model as they rnight be applied to an FMS: 

• Part mix. The mix of the various part or product styles produced by the system is de- 
fined by p ( ,where p f — the fraetkm of the total system output that is of style /.The sub- 

script / = 1,2.P.where P = the total number of different part styles made in the 

FMS during the time period of interest.The values of p, must sum to unity; that is. 




(16.1) 


Workstations and servers. The flexible production system has a number of dislinct- 
ly different workstations n. In the terminology of the bottleneck model, each work¬ 
station may have more than one server, whieh simply means that it is possible to have 
two or more machines capable of performing the same operations. Using the terms 
“stations” and “servers” in the bottleneck model is a precise way of distinguishing 
between machines that aceomplish identical operations from those that accomplish 
different operations. Let s f = the number of servers at workstation i, where 
i = 1,2,..., n. We include the load/unload station as one of the stations in the FMS. 


4 We have simplified Solberg's model somewhat and adapted the notalion and performance measures to 
be consistent with our discussioa in thw chapter 
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• Process routing. For each part or product, tfce process routing defines the sequence 
of operations, the workstations at whicii they are performed, and the associated pro¬ 
cessing times. The sequence includes the loading operation at the beginning of pro¬ 
cessing on the FMS and the unloading operation at the end of processing. Let 
t ljk = the processing time, which is the total time that a production unit occupies a 
given workstation server, not counting any waiting time at the station. In the notation 
for f, A ,the subscript i refers to the station, / refers to the part or product, and k refers 
to the sequence of operations in the process routing. For cxample, the fourth opera¬ 
tion in the process plan for part A Ls performed on machine 2 and lakes 8.5 min; thus, 
t 2 44 = 8.5 min. Note that process plan j is unique to part /. The bottleneck model 
does not conveniently allow for alternative process plans for the same part. 

• Work handling system. The material handling system used to transport parts or prod- 
ucts within the FMS can be considered to be a special case of a workstation. Let us 
designate it as station n + 1. and the number of carriers in the system (e.g„ convey- 
or carts, AGVs, monorail vehides, etc.) is analogous to the number of servers in a 
regular workstation. Let = the number of carriers in the FMS handling system. 

• Transport time. Let /„,, = the mean transport time required to move a part from 
one workstation to the next station in the process routing. This value could be com- 
puted for each individual transport based on transport velocity and distances bc- 
tween stations in the FMS, but it is more convenient to simply use an average transport 
time for all moves in the FMS. 

• Operation frequency. The operation frequency isdefined as the cxpected number of 
times a given operation in the process routing is performed for each work unit. For 
cxample, an inspection might be performed on a sampling basis, once every four units; 
hencc, the frequency for this operation would be 0.25. In other cases, the part may have 
an operation frequency greater than LO;for example. for a calibration procedure that 
may have to be performed more than once on average to be completely effeclivc. 
Let /, ; * - the operation frequency for operati cm k in process plan j at station i. 

FMS Operational Parameters. IJsing the above terms, we can next define certain 
average operalional parameters of the production system. The average workload for a 
given station is defined as the mean total time spent at the station per part. It is calculat- 
ed as follows: 


WL, = S 2',,'fpP, 


(16.2) 


where WL, - average workload for station i (minj,f,, t = processing time for operation k 
in process plan / at station; (min),/ i;ll = operation frequency for operation k in part; at 
station /.and p, = part mixfraction for part j. 

The work handling system (station n + 1) is a special case as noted in our terminol- 
ogy above. The workload of the handling system is the mean transport time multiplied by 
the average number of transports required to complete the processing of a workpart. The 
average number of transports is cqual to the mean number of operations in the process rout¬ 
ing minus one. That is. 




(16.3) 
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where n, = mean number of transports, and the other terms are defined above. Let us il- 
lustrate this with a simple example. 

EXAMPLE 16.6 Determining n, 

Consider a manufacturing system with two stations: (1) a load/unload station and 
(2) a machining station.There is just one part processed through thc production 
system, part A, so the part mix fraction p A = ].0. The frequency of all opera¬ 
tions is f lM - 1.0. The parts arc loaded at station 1, routed to station 2 for ma¬ 
chining, and thcn sent back to station 1 for unloading (three operations in the 
routing). I Ising Eq. (16.3). 

n, = 1(1.0) + 1(1.0) + 1(1.0) -1-3-1-2 
Lookingat it another way. the proccss routing is (1) -* (2) -» (l).Countingthe 
number of arrows gives us the number of transports: n, = 2. 


We are now in a position to computc the workload of the handling system: 

WL„^ - „,i nr , (16.4) 

where WL„., = workload of the handling system (min), n, = mean number of transports 
by Eq. (16.3), and t„. l - mean transport time per move (min). 

System Performance Measures. Important measures for assessing the perfor- 
mance of an FMS include production rate of all parts, production rate of each part style, 
utilization of the different workstations, and number of busy servers at each workstation. 
These measures can be calculated under the assuraption that the FMS is producingat its 
maximum possible rate. This rate is constrained by the bottleneck station in the system, 
which is thc station with the highest workload per server. The workload per server is sim- 
ply the ratio WL,js, for each station. Thus the bottleneck is identified by finding the max¬ 
imum value of the ratio atnong all stations. The comparison must include the handling 
system, since it might be the bottleneck in the system. 

Let WL*,s*. and i* equal the workload, number of servers, and processing time, re- 
spectively, for the bottleneck station.The FMS maximum production rate of all parts can 
be determined as the ratio of s* to WL*. Let us refer to it as the maximum production rate 
because it is limited by the capacity of the bottleneck station. 


K 


WL' 


(16.5) 


where R* = maximum production rate of ail part styles produced by the system, which is 
determined by the capacity of the bottleneck station (pc/min), s* — number of servers at 
the bottleneck station, and WL* — workload at the bottleneck station (min/pc). It is not 
difficult to grasp the validity of this formula as long as all parts are processed through the 
bottleneck station. A little more thought is required to appreciaie tliat Eq. (16.5) is also 
valid, even when not all of the parts pass through the bottleneck station, as long as the 
product mix (p, valnes) remains constant. In other words, if we disallow those parts not 



Sec. 16.5 / Quantitative Anølysis of Flexible Manufacturing Systems 


491 


passing through thc bottleneck from incrcasing thcir produclion rates to reach their rc- 
spective bottleneck limits, thcse parts will be limited by thc part mix ratios. 

The valuc of K* includes parts of all styles produced in thc system. Individual part pro- 
duction ratese an be obtained by mulliplying R * by the respective part mix ratios. That is, 

= pS R*) = /», w, - U 6ft > 


where R*, = maximum production rate ol partstyle j (pc/min),and p, = part mix fraction 
for part style /. 

The mcan utilization of each workstation is the proportion of time that the servers 
at thc station are working and not idle.This can be computed as follows: 




(16.7) 


whereff, ■= utilization of station i. WL, - vxorkload of station i (min/pc), s. = numberof 
servers al station /.and R’ = overall production rate (pc/min).The utilization of the bot- 
tlencck station is MXW? at R*. 

lo obtain the average station utilization. onc simply computes the average value for 
all stations, including the transport system. This can be calculated as follows: 


I« 

n + 1 


(16.8) 


wherc 0 is an unweighted average ol the workstation utilizations. 

A more useful mcasure of overall FMS utilization can be obtained using a wcight- 
ed average. where the weighting is based on the numberof servers at each station for the 
n regular stations in the system, and the transport system is omitted from the avcrage.The 
argument tor omitting the transport system is thal the utilization of the processing stations 
is the important mcasure of FMS utilization. The purpose of the transport system is to 
serve the processing stations, and therefore its utilization shouid not be included in the av¬ 
erage. The overall FMS utilization is calculated as follows: 


2-.M 

0 = - (16.9) 

S*. 

where L\ = overall FMS utilization, s, = number of servers at station i. and U, = utili/a- 
tion of station i. 

Finally. the numher of busy servers at each station is of inlerest. All of the servers at 
the bottleneck station are busy at the maximum production rate, but the servers at the 
other stations are idle some of the time. The valnes can bc calculated as follows: 

RS, = WL.(R%)= WL , 
p ' 'IV/ 


(16.10) 
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where BS, = number of busy servers on average at station i, and WL, = workload at sta- 

Let us present two example problems to illustrate the bottleneck model.the first a sim¬ 
ple example whose answers can be verified intuitively. and the second a more complicat- 
ed problem. 

EXAMPLE 16.7 Bottleneck model on a simple problem 

A flexible machining system consists of two machining workstations and a 
load/unload station. Station 1 is the load/unload station. Station 2 performs 
milling operations and consists of two servers (two identical CNC milling nia- 
chines). Station 3 has one server that performs drilling (one CNC drill press). 
The stations ate connected by a part handling system that has four work carri- 
ers.The mean transport time is 3.0 min. The FMS produces two parts, A and B. 
The part mix fractions and process routings for the two parts are presented in 
the lable below.The operation frequency f, jk = 1.0 for all operations. Deler- 
mine: (a) maximum production rate of the FMS, (b) corresponding production 
rates of each product, (c) utilization of each station, and (d) number of busy 
servers at each station. 


Partj 

Part Mix p, 

Operation k 

Description 

Station i 

Process Time 
t ijk (min) 

A 

0.4 

1 

Load 

1 

4 



2 

Miil 

2 

30 



3 

Drill 

3 

10 



4 

Unload 

1 

2 

B 

0.6 

1 

Load 

1 

4 



2 

Mili 

2 

40 



3 

Drill 

3 

15 



d 

Unload 

1 

2 


Solution: (a) To compute the FMS production rate, we first need to compute workloads 
at each station, so that the bottleneck station can be identified. 

WLi = (4 + 2)(0.4)( 1.0) + (4 + 2)(0.6)(1.0) = 6.0 min. 

WL Z = 30(0.4)(1.0) + 40(0.6) (IB) = 36.€min. 

WLj = 10(0.4)(1.0) + 15(0.6)(1.0) = 13.0 min. 

The station routing for both parts is the same: 1 -> 2 —♦ 3 -» 1. There are 
three moves, n, = 3. 

WL* = 3(3.0) (0.4) (1.0) + 3(3.0)(0.fi)(1.0) = 9.0 min. 

The bottleneck station is identified by finding the Iargest WL,(si ratio. 
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For station l.WLi/sy = 6.0/1= 6.0 min. 

For station 2, WL 2 /s : = 36.0/2 = 18.0 min. 

For station 3, WL i /s ) = 13.0/1 = 13.0 min. 

For station 4, the part handling system, WL t /s, = 9.0/4 = 2.25 min. 

The maximum ratio occurs at station 2, so it is the bottleneck station that de¬ 
termines the maximum production rate of all parts made by the system. 

R* = 2/36.0 = 0.05555 pc/min = 3.333 pc/hr 

(b) To determine production rate of each product, multiply R‘ by its respec- 
tive part mix fraction. 

= 3.333(0.4) = 1.333 pc/hr 
= 3.333(0.6) = 2.00 pc/hrr 

(c) The utilization of each station can be computed using Eq. (16.7): 

U, = (6.0/1) (0.05555) = 0.333 (33.3%) 

U 2 = (36.0/2)(0.05555) = 1.0 (100%) 

f/ 3 = (13.0/0(0.05555) = 0.722 (72.2%) 

U t = (9.0/4) (0.05555) = 0.125 (12.5%) 

(d) Mcan number of busy servers at each station is determined using Eq.(lfi.lO): 

BS, = 6.0(0.05555) - 0.333 
BS 2 = 36.0(0.05555) = 2.0 
fiS 3 = 13.0(0.05555) = 0.722 
BS< = 9.0(0.05555) = 0.50 


Wc designed the preceding example so that most of the results could be verified 
without using the bottleneck model. For example. it is fairly obvious that station 2 is the 
limiting station, even with two servers. The processing times at this station are more than 
twice those at station 3. Given that station 2 is the bottleneck, let us try to verify the max¬ 
imum production rate of the FMS. To do this, the reader should note that the processing 
times at station 2 are t 2A 2 — 30 min and = 40 min. Note also that the part mix fractions 
are p A = 0.4 and p K = 0,6. This tneans that for every unit of R produced, there are 
0.4/0.6 = l units of part A.The corresponding time to process 1 unit of B and \ unit of A 
at station 1 is 
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5 (30) + 1(40) = 20 + 40 = 60 min. 


Sixty minutes is exactly the amount of processing time each machine has available in an 
hour. (This is no coincidence: we designed the problem so this would happen.) With two 
servers (two CNC miils), the FMS can produce parts at the following maximum rate: 

R* = 2(1 + 1) = 2(1.6666) = 3.333 pc/hr 

This is the same result obtained by the bottleneck model. Given that the bottleneck sta¬ 
tion is working at 100% ulili2ation, it is easy to determine the utilizations of the other sta¬ 
tions. At station 1, the time needed to load and unload the output of the two servers at 
station 2 is 


3.333(4 + 2) = 20.0 min. 

As a fraction of 60 min. in an hour, this gives a utilization of (J\ = 0.333. Al station 3, the 
processing time required to process the output of the two servers at station 2 is 

5(10) + 2(15) = 43.333 min 

As a fraction of the 60 min., we have U 3 - 43.333/60 = 0.722. Using the same approach 
on the part handling system, we have 

j (9.0) + 2(9.0) = 30.0 min 

As a fraction of 60 min, this is 0.50. However, since there are four servers (four work car- 
riers), this fraction isdivided by 4 toobtain U, = 0.125.These are the same utilization val- 
ues as in our example using the bottleneck model. 

EXAMPLE 16.8 Bottleneck Model on a more complicated Problem 

An FMS consists of four stations. Station 1 is a load/unload station with one 
server. Station 2 performs milling operations with three servers (three identi- 
cal CNC milling machines). Station 3 performs drilling operations with two 
servers (two identical CNC drill presses). Station 4 is an inspection station with 
one server that perf orms inspections on a sampling of the parts. The stations are 
connected by a part handling system that has two work carriers and whose mean 
transport time = 3.5 min. The FMS produces four parts, A, B, C, and D. The 
part mix fractions and process routings for the four parts are presented m the 
table below. Note that the operation frequency at the inspection station (f i)t ) 
is less than 1.0 to account for the faet that only a fraction of the parts are in- 
spectcd. Determine: (a) maximum production rate of the FMS, (b) corre- 
sponding production rate of each part, (c) utilization of each station in the 
system, and (d) the overall FMS utilization. 
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Port j 

Part 
Mix pj 

Operation 

k 

Description 

Station i 

Process Time 

Frequency 

f w 

A 

0.1 

1 

Load 

1 

4 

1.0 



2 

Mili 

2 

20 

1.0 



3 

Drill 

3 

15 

1.0 



4 

Inspect 

4 

12 

0.5 



5 

Unfosd 

1 

2 

1.0 

B 

0.2 

1 

Load 

1 

4 

1.0 



2 

Drill 

3 

16 

1.0 



3 

Mili 

2 

25 

1.0 



4 

Drill 

3 

14 

1.0 



5 

Inspect 

4 

15 

0.2 



6 

Unload 

1 

2 

1.0 

C 

0.3 

1 

Load 

1 

4 

1.0 



2 

Drill 

3 

23 

1.0 



3 

Inspect 

4 

8 

0.5 



4 

Unload 

1 

2 

1.0 

D 

0.4 

1 

Load 

1 

4 

1.0 



2 

Mili 

2 

30 

1.0 



3 

Inspect 

4 

12 

0.333 



4 

Unload 

1 

2 

1.0 


Solution: (a) Wc first calculate the workloads at the workstations to identify the bottle- 
neck station. 

WL t = (4 + 2)(1.0)(0.1 + 0.2 + 0.3 + 0.4) = 6.0 min. 

W£. : = 20(1.0)(0.1) + 25(1.0)(0.2) + 30(1.0)(0.4) = 19.0 min. 

WL = 15(1.0)(0.1) + 16(1.0)(0.2) + 14(1.0)(0.2) + 23(1.0)(0.3) = 14.4 min. 
WU = 12(0.5)(0.1) + 15(0.2) (0.2) + 8(0.5)(0.3) + 12(0333)(0.4) = 4.0 min. 

n, = (3.5) (0.1) + (4.2)(0.2) + (2.5)(0.3) + (2.333)(0.4) = 2.873 
W£., = 2.873(33) = 10.06 min. 

The bottleneck station is identified by the largest WL/s ratio: 

For station l,WL,/ji = 6.0/1 =6.0 
For station 2, WL^/si = 19.0/3 = 6.333 
For station 3, WL } /$ 3 = 14.4/2 = 7.2 
For station 4, WL A /s A - 4.0/1 = 4.0 
For the part handling system, WL s ,ls s = 10.06/2 = 5.03 
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The maximum ratio occurs at station 3, so it is the bottleneck station that de- 
termines the maximum rate of production of the system. 
r* = 2/14.4 = 0.1389 pc/min = 8.333 pc/hr 

(b) To determinc the production rate of each product, multiply R* by its re- 
spective part mix fraction. 

R* a = 8.333(0.1) = 0.8333 pc/hr 
R* b = 8.333(0.2) = 1.667 pc/hr 
R%: = 8.333(0.3) = 2.500 pc/hr 
R* d = 8.333(0.4) = 3.333 pc/hr 

(c) Utilization of each station can be computed using Eq. (16.7): 


= (6.0/1) (0.1389) - 0.833 

(83.3%) 

U 2 = (19.0/3)(0.1389) = 0.879 

(87.9%) 

U 3 = (14.4/2)(0.1389) = 1.000 

(100%) 

U t = (4.0/1 )(0.1389) = 0555 

(55.5%) 

t/, = (10.06/2)(0.1389) = 0.699 

(69.9%) 


(d) Overall FMS utilization can bedetermined using a weighted average of the 
above values, where the weighting is based on the number of servers per sta¬ 
tion and the part handling system is exeluded from the average, as in Eq. 
(16.9): 

0 % = 1( - ° 833) W2(^ 1(0-555) = Q g6i (g61%) 


In the preceding example, it should be noted that the production rate of part D is 
constrained by the part mix fractions rather than the botilcneck station (station 3). Part D 
is not even processed on the bottleneck station. Instead, it is processed through station 2, 
which has unutilized capacity. It should therefore be possible to inerease the output rate of 
part D by inereasing its part mix fraction and at the same time inereasing the utilization of 
station 2 to 100%.The following example illustrates the method for doing this. 


EXAMPLE 16.9 Inereasing Unutilized Station Capadly 

From Example 16.8, ll 2 — 87.9%.Detemine the production rate of part D that 
will inerease the utilization of station 2 to 100%. 

Solution: Utilization of a workstation is calculated using Eq. 16.7. For station 2: 


Setting the utilization of station 2 to 1.0 (100%), we can solve for the corre- 
sponding WL 2 value. 
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WL 2 


1.0(3) 

0.1389 


21.6 min. 


This compares with the previous workload value of 19.0 min computed in Ex- 
ample 16.8. A portion of the workload for both values is accounted for by parts 
A and B.This portion is 

WLt{A + B) = 20(0.1)(1.0) + 25(0.2)(I.O) = 7.0min. 

The remaining portions of the workloads are due to part D. 

For the workload at 100% utilization, WL 2 (D) - 21.6 - 7.0 = 14.6 min. 
For the workload at 87.9% utilization, YfLJifi) = 19.0 - 7.0 - 12.0 min. 
We can now use the ratio of these values to calculate the new (increased) pro- 
duction rate for part D: 

R pl) = j|^(3.333) = 1.2167(3.333) - 4.055 pc/hr 

Production rates of the other three products remain the same as before. Ac- 
cordingly, the production rute of all parts inereases to the following: 

R* = 833 + 1.667 + 2.500 + 4.055 = 9.055 pc/hr. 

Although the production rates of the other three products are unchanged, the 
Lncrease in production rale for part D alters the relative part mix fractions.The 
new values are: 


9.055 

1.667 


9.055 

4.055 


16.5.2 Extended Bottleneck Model 

The bottleneck model assumes that the bottleneck station is utilized 100% and that there 
are no delays in the system due to queues. This implies on the one hånd that there are a 
sufficient numberof parts in the system to avoid starving of workstations and on the other 
hånd that there will be no delays due to queueing. Solberg [33J argued that the assumption 
of 100% utilization makes the bottleneck model overly optimistic and that a queueing 
model that accounts for process time variations and delays would more rcalistically and 
compleiely describe the performance of an FMS. 

An alternative approach, developed by Mejabi [25], addresses some of the weak- 
nesses of the bottleneck model without resorting to queueing computations (whtch can be 
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difficult,sometimes even worse). He called his approach the exiended bottleneck model. 
This extcnded model assumes a closed queueing network in which there are always a cer- 
tain number of workparts in the FMS. Let N = this number of parts in the system. When 
one part is completed and exits the FMS, a new raw workpart immediately en ters the sys¬ 
tem, so that N remains constant.The new part may or may not have the same process rout- 
ing as the one just departed- The process routing of the entering part is determined 
according to probabilities p t . 

N plays a critical role in the operation of the production system. If N is small (say, 
much smaller than the number of workstations), then some of the stations will be idle due 
to starving, sometimes even the bottleneck station. In this case, the production rate of the 
FMS will be less than R p calculated in Eq. (16.5). If N is large (say, much larger than the 
number of workstations), then the system will be fully loaded, with queues of parts wait- 
ing in front of the stations. In this case, R* will provide a good estimate of the production 
capacity of the system. However, WIP will be high, and manufacturing lead time (MLT) 
will be long. 

In effeet, WIP corresponds to N, and MLT is the sum of processing times at the work¬ 
stations, transport times between stations, and any waiting time experienced by the parts 
in the system. We can express MLT as follows: 

MLT = WL, + WL„ +1 + T w (16.11) 

where XH'I, = summation of average workloads over all stations in the FMS (min), 

WL „+1 = workload of the part handling system (min), and T w - mean waiting time ex¬ 
perienced by a part due to queues at the stations (min). 

WIP (that is, N) and MLT are correlated. If N is small, then MLT will take on its 
smallest possible value because waiting time will be short (zero), If N is large, then MLT 
will be long and there will be waiting time in the system. Thus we have two alternative 
cases that must be distinguished, and adjustments must be made in the bottleneck model 
to account for them.To do this, Mejabi found the well-known Little’s formula 5 from queue¬ 
ing theory to be useful. Little’s formula establishes the relationship between the mean ex- 
pected time a unit spends in the system, the mean processing rate of items in the system, 
and the mean number of units in the system. It can be mathematicaily proved for a single¬ 
station queueing system, and ils general validity is accepted for multistation queueing sys¬ 
tems. Using our own symbols, Little’s formula can be expressed as follows: 

N = R p (MLT) (16.12) 

where N - number of parts in the system (pc), R p = production rate of the system 
(pc/min), and MLT = manufacturing lead time (time spent in the system by a part) (min). 
Now, let us examine the two cases: 


5 Little’t formula i* usually given asL = AW where L = espected number of units in tbe system, A = pro¬ 
cessing rate of units in the system, and W — expectcd time spe ui by u unit in the system. We are substilutmg out 
own symbols that correspond as follows: L becomes N. the number of parts in (he FMS; A becomes H,,, the pro¬ 
duction rate of the FMS; and W becomes MLT the total tune in the FMS, which is the sum of processing and trans¬ 
port times plus any waiting time. 
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Case 1: When N is small, production rate is less than in the bottleneck case because the 
bottleneck station is not fully utilized. In this case, the waiting time T w of a unit 
is (theoretically) zero, and Eq. (16.11) reduces to 


MLT] = 2 WL, + WL, tl (16.13) 

where the subscript in MLT, is used to identify case 1. Production rate can be es- 
t i mated using Little’s formula: 


Rp ~ MLT, 

and production rates of the individual parts are given by: 


(16.14) 


R fl = p,R„ (16.15) 

As indicated waiting time is assumed to be zero: 

T K = 0 (16.16) 

Case 2: When N is large, the estimate of maximum production rate provided by Eq. (16.5) 
should be valid. It is restated here: 


r; 


WL ’ 


(16.5) 


Where the asterisk (') denotes that production rate is constrained by the bot¬ 
tleneck station in the system.The production rates of the individual products are 
given by: 


Ki " P,Rp (16.17) 

In this case, average manufacturing lead time is evaluated using Little’s formula: 

MLT 2 = ■— (16.18) 

The mean waiting lime a part spends in the system can be estimated by rear- 
ranging Eq. (16.11) to solve for T x : 


T k = MLT, - ( XWL, + WL„ +1 j 


(16.19) 


The decision whether to use case 1 or case 2 depends on the value of N. The divid- 
ing line between cases 1 and 2 is determined by whether N is greater than or less than a 
critical value given by the following: 
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TABLE 16.7 Equations and Guidelines for the Extended Bottleneck Model 
Case 1: N < N* = £ WL, + Wi. nh , j Case = WL, + 


MLT, = Y l/W., - MÆ..i 

R = — t. 

p MLT, 

= p,F? p 

T„ = 0 


% = P/fl; 

T„ - MLT 2 - (ilW,+ WvH,) 


j - R*{MLT,) 


(16.20) 


where N* = critical value of N, the dividing line between the bottleneck and non-bottle- 
neck cases. If Af < Af*, then case 1 applies. If .V & A/'.then case 2 applies. The applicable 
equations for the two cases are summarized in Table 16.7. 

EXAMPLE 16.10 Extended bottleneck model 

Let us use the extended bottleneck model on the data given in Example 16.7 to 
compute production rate, manufacturing lead time, and waiting time for three 
values of Af: (a) Af - 2, (b) A' - 3, and (c) N = 4. 

Solution ; Let us first compute the critical value of Af. We have R* from Example 16.7: 

R* - 0.05555 pc/min. We also need the value of MLT,. Again using previous- 
ly calculated values from Example 16.7. 

MLT, = 6.0 + 36.0 + 13.0 + 9.0 = 64.0 min. 

The critical value of Af is given by Eq. (16.20): 

N* = 0.05555(64.0) = 3.555 

(a) N = 2 is less than the critical value, so we apply the equations for case 1. 
MLT, = 64.0 min (calculated several lines above) 

Rp = MLT = Jt = 003125 Pc/min = 1.875 pc/hr 
T w = 0 min. 


(b) Af = 3 is again less than the critical value, so case 1 applies. 
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MLT[ = 64.0 min 

R p = ^ = 0.0469 pc/min = 2.813 pc/hr 
= 0 min. 

(c) For N = 4, case 2 applies. since N > N*. 

R* = ^ . = Q.0S555 pc/min = 3.33 pc/hr from Examplc 16.2. 


T„ = 72.0 - 64.0 = 8.0 min. 


The results of this example typify the behavior of the extended bottleneck model, 
shown in Figure 16.16. Below /V* (case 1), MLT has a constant value, and R p decreases 
proportionally as N decreases. Manufacturing lead time cannot be less than the sum of the 
processing and transport times, and production rate is adversely affected by low values of 
N because stations become starved for work. Above N* (case 2), R p has a constant value 
equal to R* and MLT increases. No matter how large N is made, the production rate can¬ 
not be greater than the output capacity of the bottleneck station. Manufacturing lead time 
increases because backlogs build up at the stations 

The preceding observations might tempt us to conclude that the optimum N value 
occurs at N*. since MLT is at its minimum possible value, and R p is at its maximum possi- 
ble value. However, caution must be exerciscd in the use of the extended bottleneck model 
(and the same caution applies even more so to the conventional bottleneck model, which 
disregairis the effeet of N). It is intended to be a rough-cut method to estimate FMS per- 
formance in the early phases of FMS design. More reliable estimates of performance can 
be obtained using computer simulations of detailed models of the FMS—models that in- 
clude considerations of layout, material handling and storage system, and other system de¬ 
sign factors. 


ML1A Rp 4 



(a) (b) 


Figure 16.16 General behavior of the extended bottleneck model; 
(a) manufacturing lead time MLT as a funetion of N and (b) pro¬ 
duction rate R p as a funetion of N. 
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Mejabi compared the estimates computed using the extended bottleneck model with 
estimates oblained from the CAN-Q model [32). [33] for severai thousand cases. He de- 
veloped an adequacy factor to assess the differences between the extended bottleneck 
model and CAN-Q. The adequacy factor is computed: 

AF - (16.21) 


where AF = adequacy factor for the extended bottleneck model; N ~ number of parts in 
the system (pc), 0 = average station utilization from Eq. (16.8), which includes the trans¬ 
port system; and V s, total number of servers in the system, including the number of car- 
riers in the transport system. The anticipated discrcpancies corresponding to the value of 
AF ate tabulated in Table 16.8. It is likely that an FMS would be scheduled so that the 
number of parts in the system is somewhat greater than the number of servers. This would 
result in adequacy factor values greater than 1.5, permitting the extended bottleneck model 
to provide estimates of production rate and manufacturing lead time that agree fairly close- 
ly with those computed by CAN-Q. 


16.4.3 Sizing the FMS 

The bottleneck model can be used to calculate the number of servers required at each 
workstation to achieve a spccified production rate. Such calculations would be useful dur¬ 
ing the initial stages of FMS design in determining the “size" (number of workstations and 
servere) of the system. The starting information needed to make the computation consists 
of part mix, process routings, and processing times so that workloads can be calculated for 
each of the stations to be included in the FMS. Given the workloads, the number of servers 
at each station i is determined as follows: 


S, = minimum integer 2 R p { WL t ) (16.22) 


TABLE 16 8 Anticipated Discrepancies Between the Extended Bottleneck 
Model and CAN-G [31J as a Function of the Adequacy Factor 
Given in Eq. (16.21) 


Adequacy Factor Value Anticipated Discrepancy with CAN-Q 

AF < 0.9 Discrepancies < 5% are likely. 

0.9 s AF s 1.5 Discrepancies 2 5% are likely. User should 

view computed results of extended 
bottleneck model with caution. 
Discrepancies < 5% are likely. 


AF > 1.5 
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where s, = number of servers at station i, R p = specified production rate of ai! parts to be 
produced by the system (pc/min), and WL, = workload at station i (min). The following 
example illustrates the procedure. 


EXAMPLE 16.11 Sizing the FMS 

Suppose the part mix, process routings, and processing times for the family of 
parts to be machined on a proposed FMS are those given in Example 16.8. De- 
termine how many servers at each station i will be required lo aehieve an an- 
nual production rate of 60,000 parts/yr. The FMS will operate 24 hr/day, 
5 day/wk. 50 wk/'yr. Anticipated availability of the system is 95%. 


Solution: The number of hours of FMS operation per year will be 24 X 5 X 50 
= 6000 br/yr.Taking into account the anticipated system availability, the aver¬ 
age hourly production rate is given by: 


R p 


60,000pc/yr 

(6000hr/yr)(0.95) 


= 10526 pc/hr = 0.1754 pc/min. 


The workloads at each station were previously calculated in Example 16.8:' 
VFL, = 6.0 min, WL 2 - 19.0 min, WL } - 14.4 min. WL 4 = 4.0 min, and 
WL S = 10.06 min. Using Eq. (16.22), we have the following number of servers 
required at each station: 

r, = minimum integer 2 (0.1754(6.0) = 1.053) = 2 servers 
j 2 = minimum integer 2 (0.1754(19.0) = 3.333)) = 4servers 
S) = minimum integer s (0.1754(14.4) = 2.526) = 3 servers 
s t = minimum integer 2 (0.1754(4.0) = 0.702) = 1 server 


j 5 = minimum integer 2 (0.1754(10.06) = 1.765) = 2 servers 


Because the number of servers at each workstation must be an integer, station uti¬ 
lization may be less than 100% for most if not all of the stations. In Example 16.11, all of 
the stations have utilizations less than 100%. The bottleneck station in the system is iden- 
tified as the station with the highest utilization.and if that utilization is less than 100%. the 
maximum production rate of the system can be increased until U* = 1.0. The following ex¬ 
ample illustrates the reasoning. 

EXAMPLE 16.12 Increasing Utilization and Production Rate at the Bottleneck Station 

For the specified production rate in Example 16.11, determine: (a) the utiliza¬ 
tions for each station and (b) the maximum possible production rate at each 
station if the utilization of the bottleneck station were increased to 100%. 

Solution: (a) The utilization at each workstation is determined as the calculated value of 
j, divided by the resulting minimum integer value 2 j-. 
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l/, = 1.053/2 = 0.526 (52.6%) 

Ui = 3333/4 = 0.833 (83.3%) 

U 3 = 2.526/3 = 0.842 (84.2%) 

U a = 0.702/1 - 0.702 (70.2%) 

U s = 1.765/2 = 0.883 (88-3%) 

The maximum value is at station 5, the work transport system. This is the bot¬ 
tleneck station. 

(b) The maximum production rate or the FMS, as limited by the bottleneck 
station, is 

R) = = 11.93 pc/hr = 0.1988 pc/min. 

The corresponding utilization is 

V* = O s ^ 0.1988(10.06/2) - 1.0 (100%) 


16.4.4 What the Equationa Tell Us 

Notwithstanding its limitations, the bottleneck model and extended bottleneck model pro- 
vide some practical guidelines for the design and operation of FMSs. These guidelines can 
be expressed as follows: 

• For a given product or part mix, the totai production rate of the FMS is ultimately lim¬ 
ited by the productive capacity of the bottleneck station, which is the station with 
the maximum workload per server. 

• If the product or part mix ratios can be relaxed, it may be possible to inerease total 
FMS production rate by inereasing the utilization of non-bottleneck workstations. 

• The number of parts in the FMS at any time should be greater than the number of 
servers (processing machines) in the system. A ratio of around 2.0 parts/server is 
probably optimum, assuming that the parts are distributed throughout the FMS to 
ensure that a part is waiting at every station This is especially critical at the bottle¬ 
neck station. 

• If WIP (number of parts in the system) is kept at too low a value, production rate of 
the system is impaired. 

• If WIP is allowed to be too high, then manufacturing lead time will be long with no 
improvement in production rate. 

• As a first approximation, the bottleneck model can be used to cstimate the number 
of servers at each station (number of machines of each type) to achieve a specified 
overall production rate of the system. 
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PROBLEMS 

Bottleneck Model 

16.1 A Flexible manufacturing ce 11 consists of two machining workstations plus a load/unload sta¬ 
tion. The load/unload station is station I. Station 2 performs milling operations and consists 
Of One server (one CNC milling machine). Station 3 has one server that performs drilling (One 
CNC drill press). The three stations are connected by a part handling system that has one 
workcarrier.The mean transport time is 2.5 min.The FMC produces three parts, A, B, and 
CThe part mix fractions and proccss routings for the three parts arc presented in the table 
below.The operation frequency f, ( * = 1.0 for all operations. Delermine: (a) maximum pro¬ 
duction rate of the FMC, (b) corresponding production rates of each product, (c) utilization 
of each machine in the system, and (d) number of busy servers at each station. 


Part j 

Part Mix p f 

Operation k 

Description 

Station i 

Process 

Time t l/k /min) 

A 

0.2 

1 

Load 

1 

3 



2 

Mili 

2 

20 



3 

Drill 

3 

12 



4 

Unload 

1 

2 

B 

0.3 

1 

Load 

1 

3 



2 

Mili 

2 

15 



3 

Drill 

3 

30 



4 

Unload 

1 

2 

C 

0.5 

1 

Load 

1 

3 



2 

Drill 

3 

14 



3 

Mili 

2 

22 



4 

Unload 

1 

2 


11x2 Solve Problem 16.1 except the number of servers at station 2 (CNC milling machines) = 3 
and the number of servers at station 3 (CNC drill presses) = 2. Note that with the inerease 
in the number of machines from two to five, the FMC is now an FMS according to our def¬ 
initions in Section 16.12. 

16J An FMS consists øf three stations plus a load/unload station. Station 1 loads and unfoads parts 
from the FMS using two servers (material handling workers). Station 2 performs horizon- 
tal milling operations with two servers (two identical CNC horizontal milling machines). 
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Station 3 performs vertical milling operations with three servers (three identical CNC ver- 
tical milling machmes). Station 4 performs drilling operations with two servers (two identi¬ 
cal drill ptesses).The machines are connected by a part handling system that has two work 
carriers and amean transport time = 3.5 min. The FMS pr od uces tour parts, A, B, C, and D, 
whose part mix fractiøns and process routings are presented in the table below.The opera¬ 
tion frequency fm = 1.0 for all operations. Determine: (a) maximum production rate of the 
FMS, (b) utilization of each machine in ths system, and (c) average utilization of the system, 
using the server average U„ Eq. (16.9). 


Partj 

Part Mix pj 

Operation * 

Description 

Station i 

Process 
Time turnip) 

A 

0.2 

1 

Load 

1 

4 



2 

H. Miil 

2 

15 



3 

V. Mili 

3 

14 



4 

Drill 

4 

13 



5 

Unload 

1 

3 

B 

0.2 


Load 

1 

4 



2 

Drill 

4 

12 



3 

H. Mili 

2 

16 



4 

V Mi II 

3 

11 



5 

Drill 

4 

17 



6 

Unload 

1 

3 

C 

0.25 

1 

Load 

1 

4 



2 

H. Mili 

2 

10 



3 

Drill 

4 

9 



4 

Unload 

1 

3 

D 

0.35 

1 

Load 

1 

4 



2 

V. Mili 

3 

18 



3 

Drill 

4 

8 



* 

Unload 

1 

3 


16.4 Solve Problem 16J except the number of carriers in the part handling system = 3. 

16A Suppose it is decided to inerease the utilization of the two non-bottleneck machining stations 
in the FMS of Problem 16.4 by introducing a new part, part E. into the part mix. If the new 
product will be produced at a rate of 2 units/hr. what would be the ideal process routing (se- 
quence and processing limes) for part E that would inerease the utilization of the two non- 
bottleneck machining stations to 100% each? The respective production rates of parts A, B, 
C, and D will remain the same as they are in Problem 16.4. Disregard the utilizations of the 
load/unload station and the part handling system. 

16.6 A se mi-automat ed flexible manufacturing cell is used to produce three products. The prod- 
ucts are made by two automated processing stations followed by an assembly station.There 
is also a load/unload station. Material handling between stations in the FMC is accomplished 
by mcchanized carts thai move tote bins containing the particular components to be 
processed and thea assembied into a given product. The carts transfer tote bins between 
stations. In this way, the carts are kept busy while the tote bins are queued in front of the 
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workstations. Each tote bin remains with the product throughout processing and assembly. 
The details of the FMC can be summarized as follows: 


Station 

Doscription 

Number o f servers 

1 


2 human workers 

2 

Process X 

1 automated server 

3 

Process Y 

1 automated server 

4 

Assembly 

2 human workers 

5 

Transport 

Number of carriers to be determined 


The product mix fra etions and station processing times for the parts are presented in the table 
below.The same station sequence is followed by all products: 1—>2—*3—>4—»1. 


Product Station 1 Station 2 Station 3 Station 4 Station i 

Product j Mix p. (mini (min) (min) (min) (min) 


A 0.35 3 9 

B 0.25 3 5 

C 0.40 3 4 


8 

6 


The average earl transfer time between stations is 4 min. Use the bottleneck model to de¬ 
termin«: < a) What is the bottleneck station in the FMC. assuming that the material handling 
system is not the bottleneck? (b) At full capacity, what is the overall production rate of the 
system and the rate for each product? (c) What is the minimum r.umber of carts in the ma- 
terial handling system required to keep up with the production workstations? (d) Compute 
the overall utilization of the FMC. (e) What recommendations would you make to improve 
the efficiency and/or reducc the cost of operating the FMC? 

16.7 An FMS is used to produce four parts.The FMS consists of one load/unload station and two 
automated processing stations (processes X and Y).The number ot servers for each station 
type is to bedetermined.The FMS also indudes an automated conveyor system with indi- 
vidual carts to transport parts between servers.The carts move the parts from onc server to 
the next, drop them oft and proceed to the next delivery task. Average time required per 
transfer is 3.5 min. The following table summarizes the FMS: 


Station 1 Load and unload 

Station 2 ProcessX 

Station 3 Process Y 
Station 4 Transport system 


Number of human servers (workers) to be determined 
Number of automated servers to be determined 
Number of automated servers to be determined 
Number of carts to be determined 


All parts follow the same routing, which is 1 —* 2 -» 3 -» l.The product mix and pro¬ 
cessing times at each station are preserited in the table below: 


Product j 

Product 
Mix Pj 

Station 1 
(min) 

Station 2 
(min) 

Station 3 
(min) 

St8tion 1 
(min) 

A 

0.1 

3 

15 

25 

2 

B 

0.3 

3 

40 

20 


C 

0.4 

3 

20 

10 

2 

D 

0.2 

3 

30 

5 

2 
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Required production is 10 parts/hr. distributed according to the product mix indicated. Use 
thc boltlcncck model lo determine: (a) the minimum number of servers at each station and 
the minimum number of carts in the transport system that are required tosatisfy production 
demand and (bl the utilization of each station for the answers above. 

Extended Bottleneck Modal 

16.8 Use the extended bottleneck model to soive Problem 16.1 with the following number of 
parts in the system: (a) N = 2 parts and (b) Af = 4 parts. Also determine the manufactur¬ 
ing lead time for the two cases of .V in (a) and (b). 

16.9 Use the extended bottleneck model to solve Problem 16.2 with the following number of 
parts in the system: (a) N « 3 parts and (b) N = 6 parts. Also determine the manufactur¬ 
ing lead time for the two cases of .V in (a) and (b). 

16.10 Use thc extended bottleneck model to solvc Problem 16.3 with the following number of 
parts in the system: (a) N = 5 parts, (b) Af = 8 parts, and (c) Af - 12 parts. Also determine 
the manufacturing lead time for the three cases of N in (a), (b), and (c). 

16.11 Use the extended bottleneck model to solve Problem 16.4 with the following number of 
paris in the system: (a) Af - S parts, (b) N = 8 parts, and (c) Af = 12 parts Also determine 
the manufacturing lead time for the three cases of N in (a), (b), and (c). 

16.12 Forthe data given in Problem 16.6, use the extended bottleneck model to develop the rela- 
tionships for production rate R p and manufacturing lead time MLT each as a funetion of 
the number of parts in the system N. Plot the relationships as in Flgure 16.16. 

16.13 An FMS is used to produce three products. The FMS consists of a load/unload station, two 
automated processing stations, an inspection station, and an automated conveyor system 
with an individual cart for each product.The conveyor carts remain with the parts during their 
time m the system, and therefore the mean transport time includes not only the raove time, 
but also the average total processing time per part. The number of servers at each station is 
given in the following tabie: 


Station 1 

Load and unload 

2 workers 

Station 2 

Process X 

3 servers 

Station 3 

Process Y 

4 servers 

Station 4 

Inspection 

1 server 

Transport system 

Conveyor 

8 carriers 


All parts follow either of two routings, which are 1 —► 2 —► 3 —► 4 —* 1 or 
l -» 2 —> 3 —► 1, the difference heing that inspections at station 4 are performed on only 
onc part in four for each product (f tjk = 0.25). The product mix and process times for the 
parts are presented in thc table beiow: 


Product j 

Part Mix Pj 

Station 1 
(min) 

Station 2 
(min) 

Station 3 
(min) 

Station 4 
(min) 

Station 1 
(min) 

A 

0.2 

5 

15 

25 

20 

4 


0.3 

5 

10 

30 

20 

4 


0.5 

5 

20 

10 

20 

4 


The rnove time beiween stations is 4 min. (a) Using the bottleneck model, show that the 
conveyor system is the bottleneck in the present FMS configuration, and determine the 
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overall production rate of the system. (b) Deiermine how many caris are required to elim- 
inate the conveyor system as thc bottleneck. (c) With the number of carts delerminsd in 
(b). use the extended bottleneck model to determine the production rate for the case when 
N - 8; that is, only eight parts are allowcd in the system even though the conveyor system 
has a sufficient number of carriers to handle more than eight. (d) How close are your answers 
in (a) and (c)? Why? 

16.14 A group technology cell is organized to produce a pgrticular family of products. The cell 
consists of three processing stations, each with one server; an assembly station with three 
servers; and a load/unload station with two servers. A mechanized transfer system moves 
the products between stations.The transfer system has a total of six transfer earls. Each cart 
includes a workholder thai holds the products during their processing and assembly, and 
therefore each cart must remain with the product throughout processing and assembly.The 
cell resources can be summarized as follows: 


Station 

Description 

Number o f servers 

1 

Load and unload 

2 workers 

2 

Process X 

1 server 

3 

Process Y 

1 server 

4 

Process Z 

1 server 

5 

Assembly 

3 workers 

6 

Transport system 

6 carriers 


The GT cell is currently used to produce four products. All products follow the same rout- 
ing, which isl-»2-»3-»4 — 5—* l.The product mix and station times for the parts 
are presented in the table below: 


Product j 

Product 
Mix p : 

Station 1 
(min) 

Station 2 
(min) 

Station 3 
(min) 

Station 4 
(min) 

Station 5 
(min) 

Station 1 
(min) 

A 

0.35 

4 

8 

5 

7 

18 

2.5 

B 

0.25 

4 

4 

8 

6 

14 

2.5 

C 

0.10 

4 

2 

6 

5 

11 

2.5 

D 

0.30 

d 

6 

7 

10 

12 

2.5 


The average transfer time between stations takes 2 min in addition to the time spent at the 
workstation. Determine: (a) the bottleneck station in the GT cell and the crilica) value of N. 
Compute the overall production rate and manufacturing lead time of the cell, given that the 
number of parts in the system = N *. If N* is nol an integer, use the integer that is closest 
to Af*, (b) Compute the overall production rate and manufacturing lead time of the cell, 
given that the number of parts in the system = N* + 10- If N* is not an integer, use the in¬ 
teger that is closest to Af* + 10. (c) Comment on the likely accuracies of the answers in (a) 
and (bl in light of Table 16.8 in the text. 

16.15 In Problem 16.14, compute the average manufacturing lead time for the two cases: 
(a) N = Af*.and (b) Af = Af* + 10. If Af* is not an integer, use the integers that are closest 
to Af* and Af* + 10. respectively. (c) Also compute the manufacturing lead times for each 
product for the two cases. 

16.16 In Problem 16.14. what could be done to (a) inerease the production rate and/or (b) reduce 
the operating costs of the cell m light of your analysis? Support your answers with calculations 
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16.17 A flexible manufacturing cell consists of a manual load/unload station, three CNC machines, 
and an automated guided vehicfe system (AGVS) with two vehicles. The vehicles deliver 
parts to the individual machines, drop off the parts, then go perform other work. The work¬ 
stations are listed in the table below, where the AGVS is listed as station 5. 


Station 

Description 

Servers 

1 

Load and unload 

1 worker 

2 

Milling 

1 CNC milling machine 

3 

Drilling 

1 CNC drill press 

4 

Grinding 

1 CNC grinding machine 

5 

AGVS 

2 vehicles 


The FMC is used to machine four workparts. The product raix, routings, and processing 
times for the parts are presented in the lable below: 



Part 

Station 

Station 1 

Station 2 

Station 3 

Station 4 

Station 1 

Partj 

Mix Pf 

Routing 

(min) 

(min) 

(min) 

(min) 

(min) 

A 

0.25 

1 -» 2 -» 3 -♦ 4 -» 1 

4 

8 

7 

18 

2 

B 

0.33 

1-»3->2-»l 

4 

9 

10 

0 

2 

C 

0.12 

1 _» 2 -♦ 4 -» T 

4 

10 

0 

14 

2 

D 

0.30 

1 -> 2 -» 4 -» 3 -+ 1 

4 

6 

12 

16 

2 


The mean travel time of the AGVS between any two stations in the FMC is 3 min, which in- 
dudes the time required to transfer loads to and from the stations. Given that the loading 
on the system is maintained at 10 parts (10 workparts in the system at all times), use the ex- 
tended boltleneck model to determine: (a) the bottleneck station, (b) the production rate of 
the system and the average time to complete a unit of production, and (c) the overall uii- 
lization of the system, not including the AGVS 


Sizing the FMS 

16.18 A flexible machining system is being ptanned that wili consist of four workstations plus a part 
handling system. Station 1 will be a load/unload station- Station 2 will consist of horizontai 
machining centers. Station 3 will consist of vertical machining centers. Station 4 will be an 
inspection station. For the part mix thai will be processed by the FMS, the workloads at the 
four stations are: WL X = 7.5 min, WL? = 22.0 min, Wij -= 18.0 min, and WL, = 102 min. 
The workload of the part handling system WL S = 8.0min.The FMS will beoperatedl6hr/ 
day, 250 day/yr. Maimenance will be perfo/med during nonproduction hours, so uptime pro¬ 
portion (availability) is expected to be 9754. Annual production of the system wili be 50,000 
parts. Determine the number of machines (servers) of each type (station) required to satis- 
fy production requiremenis. 

16.19 In Problem 16.18, determine (a) the utilizations of each station in the system for tbe speci- 
fied production requiremenis and (b) the maxhnum possible production rate of the system 
if the bottleneck station were to operate at 100% utiiization. 

1620 Given the part mix, process routings, and processing times for the three parts in Problem 16.1. 
The FMS planned for this part family will operate 250 day/yr and the anticipated avail- 
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ability of the system is 90%. Determine how many servers at each station will be required 
to achieve an annual production rate of 40,000 parts/yr if (a) the FMS operates 8 hr/day, (b) 
16 hr/day. and (c) 24 hr/day. (d) Which system configuration is preferred, and why? 

16.21 Given ihe part mix, process routings. and processing times for the four parts in Problem 
16.3.The FMS proposed to machine these parts will operate 20 hr/day, 250 day/yr. Assumc 
system availability = 95%. Determiner (a) how many servers at each station will be required 
to achieve an annual production rate of 75,000 parts/yr and (b) the utilization of each work¬ 
station. (c) What is the maximum possible annual production rate of the system if the boi- 
tleneck station were to operate at 100% utilization? 
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Most manufactured consumer products are assembled. Each product consists of multiple 
components joined together by various assembly processes (Section 2.2.1). These kinds of 
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Products are usually made on a manual assemblv line, which is a type III M manufactur¬ 
ing system in our classification schcmc (Section 13-2), Factors favoring the use of manual 
assembly lines include the fol I o wing: 


• Demand for the product is high or medium. 

• The products made on the line are identical or similar. 

• The total work required to assemblc the product can be divided into small work elements. 

• It is tecnnologically impossible or economically infeasible to automate the assembly 
operations. 

Products characlerized by these factors that are usually made on a manual assembly 
line are listed in Fable 17.1. 

Several reasons can be given to explain why manual assembly lines are so productive 
compared with alternative methods in which multiple workers each pertorm all of the tasks 
to assemble the products: 


Spedalization of labor. Called “division of labor" by Adam Smith (Historical Note 
17.1), lins pnnciple asserts that when a large job is divided into small tasks and each 
task is assigned to one worker, the worker bccomes highly proficient at performing 
the single task. Each worker bccomes a specialist. One of the major explanations of 
spccialization of labor is the leaming curve (Section 13.4). 

Iitierchangeableparts, in which each component is manufactured to sufficiently dose 
tolerances that any part of a cerlain type can be selected for assembly with its mat- 
ingcomponent.Withoul inierthangcable parts,assembly would require ftling and fit¬ 
ting of mating components, rendering assembly line methods impractical. 

Work principle in material handling (Table 9.3, principle 3), which provides that each 
work unit flows smoothly through the production line, traveling minimum distances 
between stations. 

Line pacing. Workers on an assembly line are usually required to complete their as¬ 
signed tasks on each product unit within a cerlain cycle time. which paces the line to 
maintain a specified production rate. Pacing is generally implemented by means of a 
mechanized conveyor. 


In the present chapter, we discuss the engineering and technology of manual assem¬ 
bly lines. Automated assembly systems are covered in Chapter 19. 


TABLE 17.1 Products Usually Made on Manual Assembly Lines 


Audio eQUipment 

Lamps 

Refrigerators 

Automobiles 

Luggage 

Stoves 

Cameras 

Microwave ovens 

Telephones 

Cooking ranges 

Personal computers and 

Toasters 

Dishwashers 

peripherals (printers. 

Toaster ovens 

Dryers (laundryl 


Trucks, light and heavy 

Electric motors 

Power tools (drills, saws, etc.) 

Video cassette pi syers 

Furniture 

Pumps 

Washing machines (laundry) 
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Figure 17.1 Configuration of a production line. Key: Asby — as¬ 
sembly. Man = manual, Sta = workstation, n = number of stations 
on the line. 

17.1 FUNDAMENTALS OF MANUAL ASSEMBLY LINES 

A manual assembly line is a production line that consists of a sequence of workstations 
where assembly tasks are performed by human workers, as depicted in Figure 17.1. Prod¬ 
ucts are assembled as they movc along the line. At each station, a portion of the total work 
is performed on each unit.The common practice is to “launch" base parts onto the begin¬ 
ning of the line at regular intervals. Each base part travels through successive stations and 
workers add components that progressively build the product. A mechanized material 
transport system is typically used lo move the base part along the line as it is gradually 
transformed into the final product. However, in some manual lines, the product is simply 
moved manual ly from station-to-station.The production rate of an assembly line is deter¬ 
mined by its slowest station. Stations capable of working faster are ultimately limited by 
the slowest station. 

Manual assembly line technology has made a significant contribution to the devel- 
opment of American industry in the twentieth century, as indicated in our Historicai Note 
17.1. It remuins an important production system throughout the world in the manufacture 
of automobiles, consumer appliances, and other assembled products made in large quan- 
tities listed in Table 17.1. 


Historicai Note 17.1 Origins of the manual assembly line 

Manual assembly lines are hased largely on two fundamental principles. The first is division 
of labor, aiguei by Adam Smith (1723-1790) in his book The Wealth of Nations, published 
in England in 1776. Using a pin factory to illustrate the division of labor, the book describes 
how 10 »orkers, spetializing in the various distinct tasks required to make a pin, produce 
48,000 pins/day, compared with only a few pins that could be made by each worker perform- 
ing all of the tasks on each pin. Smith did not invenl division of labor; there had been other ex- 
amples of its use in Europe for centuries, but he was the first to note its significance in 
production. 

The second principle is Interchangeable parts, based on the efforts of Eli Whitney 
(1765-1825) and others at the beginning of the nineteenth century [16], In 1797, Whitney con- 
tracted with the U.S. government to produce 10,000 muskets. At that time, guns were tradi- 
tionally made by fabricatiag each part individually and then hand-fitting the parts together by 
filing. Each gun was therefore unique. Whitney believed that parts could be made with greater 
precision and then assembled withont the need for fitting. After working for several years in 
his Connecticut factory, he traveled to Washington in 1801 to demonstrate the principle. Be- 
fore President Thomas Jefferson and other government officials, Whitney picked components 
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at random for 10 muskets and procccdcd to assemble the guns. No special filing or fitting was 
required.and all of the guns »orkcd pcrfectly. His achievement was made possible by the use 
of special machines. fixtures, and gages Ihat he had developed in his factory. The principle of 
interchangcable parts took many ycars of refinement before becoming a practical reality, but 
it revolutionbed methods of manufacturing. It is a prerequisite for mass production of as- 
sembled products. 

The ongins of modern production lines can be traced to the meat industry in Chicago, Illi¬ 
nois. and Cincinnati, Ohio. In the mid- and late-1800s, meat packing plants used unpowered 
overbead cnnveyors to move slaughtered slock from one worker to the nexl.These unpowered 
conveyors were later replaced by powcr-dnven chain conveyors to create "disassembly lines," 
which were the predecessor of the assembly line. The work organization permitted meat cut- 
ters toconcentrate on single tasks (division of la bor). 

American automotivc industrialist Henry Ford had observed these meat-packing operations. 
In 1913, he and his engineering collcagucs designed an assembly line in Highland Park.Michi- 
gan to producc tnagneto flvwhecLs. Productivity inereased fourfold. Flushed by suecess, Ford 
applied assembly line tcchniques lo chassis fahrication. Using chain-driven conveyors and 
workstations arranged for the convenience and comfort of his assembly line workers, produc¬ 
tivity was inereased by a factor of eighi .compared with previous single-station assembly meth¬ 
ods. These and other improvements resulted in dramatic reductions in the price of the Model 
T Ford, which was the main product ol Ihe Ford Motor Company at the time. Masses of Amer- 
icans could now afford an automobils because of Ford's uchievcmcnt in coat reduction. This 
stimulated further development and use of production line tcchniques, including automated 
transport lines. It also forced Ford’s competitors and suppliers to imitate his methods, and the 
manual assembly line became intrinsic to American industry. 


17.1.1 Assembly Workstations 

A workstation on a manual assembly line is a designated location along the work flow 
path at which one or more work elements are performed by one or more workers. The 
work elements represent small portions of the total work that must be accomplished to 
assemble the product. Typical assembly operations performed at stations on a manual as¬ 
sembly line are listed in Table 17.2. A given workstation also includes the tools (hånd tools 
or powered tools) required to perform the task assigned to the station. 

Some workstations are designed for workers to stand, while others allow the work¬ 
ers to sit When the workers stand, they can move about the station area to perform their 
assigned task. This is common for assembly of large products,such as cars, trucks,and major 
appliances.The typical case is when the product is moved by a conveyor at constant velocity 
through the station. The worker begins the assembly task near the upstream side of the sta¬ 
tion and moves along with the work unit until the task is completed, then walks back to the 


TABLE 17.2 Typical Assembly Operations Performed on a Manual 
Assembly Line 


Application of adhesive 

Riveting 

Application of sealants 

Shrink fitting applications 

Are welding 

Snap fitting of two paris 

Brazing 

Soldering 

Cotter pin applications 

Spotwelding 

Expansion fitting applications 

Stapling 

Insertton of components 

Stitching 

Press fitting 

Threaded fastener applications 


113) fotOefin 
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nexl work unit and repeats the cyde. For smaller assembled products {such as small ap- 
pliances. clcctronic devices, and subassemblies used on larger products), the workstations 
are usually designed to allow the workers to sit while they perform their tasks.This is more 
comfortable and less fatigjing for the worker and is generally more conducive to precision 
and accuracy in the assembly task. 

Wc have prcviously definer! manning level in Chapter 13 (Seetinn lit.2.3) for varions 
types of manufacturing systems. Bar a manual assembly line, the manning level of work¬ 
station i. symbolized M,. is the number of workers assigned to that station; where 
i = 1.2,...,«: and n = number of workstations on the line. The generte case is one work¬ 
er; M, = 1. In cases where the product is large, such as a car or a truck, multiple workers 
are often assigned to one station, so that Af, > 1. Multiple manning conserves valuable 
floor Space in the factory and reduccs line length and throughput time because fewer sta¬ 
tions are rcquired. The average manning level of a manual assembly line is simply the total 
number of workers on the line divided by the number of stations; that is, 

Af = — (17.1) 

where M = averagc manning level of the line (workers/station). w = number of workers 
on the line. and n = number of stations on the line.This seemingly simple ratio is compli- 
cated by the faet that manual assembly lines often include more workers than those as- 
signed to stations,so that Af is not asimple average of Af, values.These additional workers, 
called Utility workers , are not assigned to specific workstations; instead they are responsi- 
ble for funetions such as (1) helping workers who fali behind, (2) relie ving workers for per¬ 
sona! breaks, and (3) maintenance and repair duties. Including the Utility workers in the 
worker count, we have 


i>, 

M =-—— (17.2) 

where w„ - number of Utility workers assigned to the system; and w, = number of work¬ 
ers assigned specifically to station i for i = 1,2 n .The parameter w, is almost always an 

integer, except for the unusual case where a worker is shared between two adjacent stations. 

17.1.2 Work Transport Systems 

There are two basic ways to accomplish the movement of work units along a manual as¬ 
sembly line: (1) manually or (2) by a mechanized system. Both methods provide the fixed 
routing (all work units proceed through the same sequence of stations) that is character- 
istic of production lines. 

Manual Methods of Work Transport. In manual work transport, the units of prod¬ 
uct are passed from station-to-station by hånd. Two problems result from this mode of op¬ 
eration: starving and blocking. Starving is the situation in which the assembly operator has 
completed the assigned task on the cuiTent work unit, but the ncxt unit has not yet arrived 
at the station,The worker is thus starved for work.When a station is blocked, it means that 
the operator has completed the assigned task on the current work unit but cannof pass the 
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unit to the downstream station because that worker is not yet ready to receive it.The op¬ 
erator is therefore blocked from working. 

To mitigatc thc cffects of these problems, storage buffers arc sometimes used be- 
twecn stations. In some cases, the work units made at each station are collected in batch- 
es and then moved to the next station. In other cases, work units are moved individually 
along a flat table or unpowercd conveyor. When the task is finished at each station, the 
worker simply pushes the unit toward the downstream station. Space is often allowed for 
one or more work units in front of each workstation. This pro vides an available supply of 
work for the station as well as room for completed units from the upstream station. Hence, 
starving and blocking are minimized.The trouble with this method of operation is that it 
can result in significant work-in-proccss. which is cconomically undesirable. Also. work 
ers are unpaced in lines that rely on manual transport methods. and production rates tend 
to be lower. 

Mechanized Work Transport. Powered conveyors and other types of mechanized 
material handling equipment are widely used to move units along a manual assembly line. 
These systems can be designed to provide paoed or unpaced operation of the line. Three 
major catcgorics of work transport systems in production lines are: (a) continuous trans¬ 
port. (b) synchronous transport, and (c) asynchronous transport. These are illustrated 
schematically in Figure 17.2. Table 17.3 identifies some of the matenal transport equip¬ 
ment (Chapter 10) cotnmonly associated with each of the categories. 


Vi 



i/V - W _ WV — . 



(C) 


Figure 17.2 Velodty-distance diagram and physical layout for three 
types of mechanized transport systems used in production lines: 
(a) continuous transport, (b) synchronous transport, and (c) asyn¬ 
chronous transport. Key: v — velocity.v, = constant vclocity of con¬ 
tinuous transport conveyor. x = distance in conveyor direction, 
Sta = workstation,/ = workstation identifier. 
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TABLE 17.3 Material Handling Equipment Used to Obtain the Three Types of Fixed 
Routing Work Transport Oepicted in Figure 17.2 


Work Transport System 

Material Handling Equipment (Text Reference) 

Continuous transport 

Overhead trolley conveyor (Section 10.4) 

Belt conveyor ISection 10.4) 

Roller conveyor (Saction 10.4) 

Drag chain conveyor (Section 10.4) 

Synchronous transport 

Walking beam transport equipment (Section 18.1.2) 
Rotary indexing mechanisms (Section 18.1.2) 

Asynchronous transport 

Power-ard-free overhead conveyor (Section 10.4) 
Cart-on-track conveyor (Section 10.4) 

Powered roller conveyors (Søetion 10.4) 

Automated guided vehicle system (Section 10.21 
Monorail systems (Article 10 3) 

Chain-driven carousel systems (Section 11.4.2) 


So uret: Text referere« Bivan in parentheses. 


A continuous transport system uses a continuously moving conveyor that operates 
at constant velocity. as in Kgure 17.2(a).This method is common on manual assembly lines. 
The conveyor usually runs the entire length of the line. However, if the line is very long, 
such as the case of an automobile final assembly plant, it is divided into segments with a 
separate conveyor for eacli segment. 

Continuous transport can be implemented in two ways: (1) Work units are fixed to 
the cotiveyor, and (2) woik units are removable from the conveyor. In the first case, the 
product is large and heavy (e.g., automobile, washing machine) and cannot be removed 
from the conveyor. The wOTker must therefore walk atong with the product at the speed 
of the conveyor to accomplish the assigned task. 

In the case where work units are small and lightweight, they can be removed from the 
conveyor for the physical convenience of the operator at each station. Another conve- 
nience for the worker is that the assigned task at the station does not need to be complet¬ 
ed within a fixed cycle time. Flexibility is allowed each worker to deal with technical 
problems that may be encountered with a particular work unit. However, on average, each 
worker most maintain a production rate equal to that of the rest uf the line. Otherwise, 
the line will produce incomplete units, which occurs when parts that were supposed to be 
added at a station are not added because the worker runs out of time. 

Insynchronous transport systems, all work units are moved simultaneously between 
stations with a quick, diseøntinuous motion, and then positioned at their respective sta¬ 
tions. Depicted in Figure 17.2(b), this type of system is also known as intermittent trans¬ 
port, which describes the motion experienced by the work units. Synchronous transport is 
not common for manual lines, due to the requirement that the task must be completed 
within a certain time limit. This can result in incomplete units and excessive stress on the 
assembly workers. Despite its disadvantages for manual assembly lines, synchronous trans¬ 
port is often ideal for automated production lines. 

In an asynchronous transport system, a work unit leaves a given station when the as¬ 
signed task has been completed and the worker releases the unit. Work units move inde- 
pendcntly rather than synchronously. At any moment, some units are moving between 
workstations, while others are positioned at stations, as in Figure 17.2(c). With asynchro¬ 
nous transport systems, small queues of work units are permitted to form in front of each 
station. This tends to be forgiving of variations in worker task times. 
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17.1.3 Line Pacing 

A manual assembly line operates at a certain cycle time, which is established to achieve the 
required production rate of the line. We explain how this cycle time is determined in Sec- 
tion 17.4. On average, each worker must complete the assigned task at his/her station with- 
in this cycle time, or else the required prodnctinn rate wiil not he aehieved.This pacing of 
the workers is one of the reasons why a manual assembly line is successful. Pacing pro- 
vides a discipline for the assembly line workers that more or less guarantees a certain pro- 
duction rate. From the viewpoint of management, this is desirable. 

Manual assembly linescan bc designed with three alternative levels of pacing: (1) rigid 
pacing, (2) pacing with margin, and (3) no pacing. In rigid pacing. each worker is allowed 
only a certain fixed time each cycle to complete the assigned task. The allowed time in 
rigid pacing is (usually) set equal to the cycle time of the line. Rigid pacing occurs when the 
line uses a synchronous work transport system. Rigid pacing has several undesirable aspects. 
First, in the performance of any repetitive task by a human worker, there is inherent vari- 
ability in the time required to complete the task. This is incompatible with a rigid pacing 
discipline. Second.rigid padngis emotionally and physically stressful to human workers. 
Although some level of stress is conducive to improved human performance, fast pacing 
on an assembly line throughout an 8-hr shift (or longer) can have harmful effeets on work¬ 
ers. Third, in a rigidly paced operation, it the task has not been completed within the fixed 
cycle time, the work unit exits the station incomplete.This may inhibit completion of sub- 
scqucnt tasks at downstream stations. Whatever tasks are left undone on the work unit at 
the regular workstations must later be completed by some other worker to yield an ac¬ 
ceptable product. 

In pacing with margin, the worker is allowed to complete the lask at the station with¬ 
in a specified time range. The maximum lime of the range is longer than the cycle time, so 
that a worker is permitted to take more time if a problem occurs or if the task time re¬ 
quired for a particular work unit is longer than the average. (This occurs when different 
product styles are produced on the same assembly line.) There are several ways in which 
pacing with margin can be aehieved: (1) allowing queues of work units to form between sta¬ 
tions, (2) designing the line so that the time a work unit spends inside each station is longer 
than the cycle time. and (3) allowing the worker to move beyond the boundaries of his/her 
own station. In method (1), work units are allowed to form queues in front of each station, 
thus guaranteeing that the workers are never starved for work,but also providing extra time 
for some work units as long as other units take less time. Method (2) applies to lines in 
which work units are fixed to a continuousiy moving conveyor and cannot be removed. 
Because the conveyor speed is constant. by designing the station length to be longer than 
the distance tie ed ed by the worker to complete the assigned task. the time spent by the 
work unit inside the station boundaries (catled the tolerance time) is longer than the cycle 
time. In method (3). the worker is simply allowed to: (a) move upstream beyond the im- 
mediate station to get an early start on the next work unit or (b) move downstream past 
the current station boundary to finish the task on the current work unit. In either case, 
there are usually practical limits on how far the worker can move upstream or downstream, 
hence making this a case of pacing with margin.The terms upstream allowance and down¬ 
stream allowance are sometimes used to designate these limits in movement. In al) of these 
methods,as long as the worker maintains an average pace that matches the cycle time, the 
required cycle rate of the line will be aehieved. 

The third level of pacing is when there is no pacing, meaning that no time limit ex- 
ists within which the task at the station must be finished. In effeel, each assembly operator 
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works at bis/her own pace.This case can occur when (1) manual work transport is used on 
the line. (2) work units can be rcmoved from the conveyor, thus allo wing the worker to take 
as much time as desired to complete a given unit, or (3) an asynchronous conveyor is used, 
and the worker Controls the retease of each work unit from the station. In each of these 
cases, there is no mechanical means of achieving a pacing discipline on the line. To reach 
the required production rate. the workers are motivated to achieve a certain pace eilher by 
their own collective work ethic or by an inccntive system sponsored by the company. 

17.1.4 Coping with Product Variety 

Because <rf the rersatility of human workers, manual assembly lines can be designed to 
deal with differences in assembled products. In general, the product variety must be rela- 
tively soft (Sections 1.1 and 2.3.1). Three types of assembly line can be distinguishcd: 
(1) single model. (2) batch model, and (3) mixed model. These assembly line types are 
consistent with the three cases S. B. and X in our classification of manufacturing systems 
(Section 13.2.4). 

A single model line is one that produces many units of one product, and there is no 
variation in the product. Every work unit is identical, and so the task performed at each sta¬ 
tion is the same for all product units This line type is intended for products with high demand. 

Batch model and mixed model lines are designed to produce two or more models, but 
different approaches are used to cope with the model variations A batch mode! line pro¬ 
duces each model in batches Workstations are set up to produce the required quantity of 
the first model, then the stations are reconfigured to produce the next model, and so on. 
Products are often assembled in batches when demand for each product is medium. It is 
generally more economical to use one assembly line to produce several products in batch¬ 
es than to build a separate line for each different model. 

When we State that the workstations are set up, we are referring to the assignment of 
tasks to each station on the line, induding the special tools needed to perform the tasks, and 
the physical layout of the station. The models made on the line are usually similar.and the 
tasks to make them are therefore similar. However, differences exist among models so that 
a different sequence of tasks is usually required, and tools used at a given workstation for 
the last model might nol be the same as those required for the next model. One model 
may take more total time Ihan another, requiring the line to be operated at a slower pace. 
Worker retraining or new equipment may be needed to produce each new model. For these 
kinds of reasons, changes in the station setup are required before production af the next 
model can begin. These changeovers result in lost production time on a batch model line. 

A mixed model line also produces more than one model; however, the models are not 
produced in batches. Instead, they are made simultaneously on the same line. While one 
model is being worked on at one station, a different model is being made at the next sta¬ 
tion. Each slation is equipped to perform the variety of tasks needed to produce any model 
that moves through it. Many consumer products are assembled on mixed model lines. Ex- 
amples are automobiles and major appliances, which are characterized by model varia¬ 
tions, differences in available options, and even brand name differences in some cases. 

Advantages of a mixed model line over a batch model line include: (1) no lost pro¬ 
duction time switching between models, (2) high inventories typical of batch production are 
avoided. and (3) production rates of different models can be adjusted as product demand 
changes. On the other hånd, the problem of asstgning tasks to workstations so that they all 
share an equal workload is more complex on a mixed model line. Scheduling (determin- 
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Haid Balch 

varie'v model line 

Soft Mixed 

variety model line 

No Single 

variety model line 

rarietf rr y Figure 17.3 Three types of manual 
vanet> inc type assembly line related to product variety. 


ing the sequenee of models) and logistics (getting the nght parts to each workstation for 
the model currently at that station) are more difficult in this type of line. And in general, 
a batch model tine can accommodate wider variations in model configurations. 

As a summary of this discussion. Figure 17.3 indicates the position of each of the 
three assembly line types on a scale of product variety. 


17.2 ALTERNATIVE ASSEMBLY SYSTEMS 

The weli-defined pace of a manual assembly line has merit from the viewpoint of maxi- 
mizing produclion rate. However, assembly line workers often complain about the mo- 
notony of the repetilive tasks they must perform and the unrelenting pace they must 
maintain when a moving conveyor is used. Poor quality workmanship. sabotage of the line 
equipmenl. and other problems have occurred on high production assembly lines. To ad- 
dress these issues. alternative assembly systems are available in which either the work is 
made less monotonous and repetitious by enlarging the scope of the tasks performed.or 
the work is automated. In this section, we idenlify ihe following alternative assembly sys¬ 
tems: (1) single-station manual assembly cells, (2) assembly cells based on worker teams, 
and (3) automated assembly systems. 

A single-station manual assembly cell consists of a single workplace in which the as¬ 
sembly work is accomplished on the product or some major subassembly of the product. 
This method is generally used on products that are complex and produced in small quan- 
tities, sometimes one-of-a-kind. The workplace may utilize one or more workers, de- 
pending on the size of the product and the required production rate. Custom-engineered 
products, such as machine tools. induslrial cquipment, and prototype models of complex 
products (e.g., aircrafl. appliances. and cars) make use of a single manual station to perform 
the assembly work on the product. 

Assembly by worker teams involves the use of multiple workers assigned lo a com- 
mon assembly task. The pace of the work is controlled largely by the workers themselves 
rather than by a pacing mcchanism such as a powered conveyor moving at a constant speed. 
Team assembly can be impiemented in several ways. A single station manual assembly cell 
in which there are multiple workers is a form of worker team. The assembly tasks per- 
formed by each worker are generally far less repetitious and broader in scope than the 
corresponding work on an assembly line. 

Other ways of organizing assembly work by teams include moving the product 
through multiple workstations, but having the same worker team follow the product from 
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station-to-station. This form of team assembly was pioneered by Volvo, the Swedish car 
maker. lt uses independently ope.rated automated guided vehicles (Section 10.2) that hold 
major componcnts and/or subassemblies of the automobile and deliver them to manual 
assembly workstations along the line. At each station, the guided vehicle stops at the sta¬ 
tion and is not released to proceed until the assembly task at that station has been com¬ 
pleted by the worker team. Thus, produetion rate is determined by the pace of the team. 
rather than by a moving conveyor.The reason for moving the work unit through multiple 
stations, rather than performing all the assembly at one station, is because the many com- 
ponent parts assembled to the car must be located at more than one staiion. As the car 
moves through each staiion. paris from that station are added.The difference between this 
and the conventional assembly line is that all work is done by one worker team moving with 
the car. Accordingly, the members of the team achieve a greater level of personal satisfac- 
tion at having accomplished a major portion of the car assembly. Workers on a conven¬ 
tional line who perform a very small portion of the total car assembly do not usually have 
this personal satisfaction. 

The use of automated guided vehicles allows the assembly system to be configured 
with parallel paths, queues of parts between stations, and other features not typically found 
on a conventional assembly line. In addition, these team assembly systems can be designed 
to be highly Flexible, capable of dealing with variations in produel and corresponding vari¬ 
ations in assembly cycle times at the different workstations. Accordingly, this type of team 
assembly is generally used when there are many different models to be produced, and the 
variations in the models result in significant differences in station service times. 

Reported benefits of worker team assembly systems compared with conventional as¬ 
sembly line include: greater worker satisfaction, better product quality, incrcascd capabil- 
ity to accommodate model variations, and greater ability to cope with problems that require 
more time rather than stopping the ertire produetion line. The principal disadvantage is that 
these team systems are not capable of the high produetion rates characteristic of a con¬ 
ventional assembly line. 

Automated assembly systems use automated methods at workstations rather than 
humans. In our classification scheme, these can be type IA or type IIIA manufacturing sys¬ 
tems, depending on wbether there are one or more workstations in the system. We defer 
discussion of automated assembly systems until Chapter 19, where we also discuss hybrid 
assembly systems (type III H manufacturing systems). 


17.3 DESIGN FOR ASSEMBLY 

Design for assembly (DFA) has received mueh attention in recent years because assembly 
operations constitute a high labor cost for many manufacturing companies.The key to suc- 
cessful design for assembly can be simply stated |4J: (1) design the product with as few 
parts as possible, and (2) design the remaining parts so they are easy to assemble.The cost 
of assembly is determined iargely during product design, because that is when the number 
of components in the product is determined, and decisions are made about how these com- 
ponents will be assembled. Once these decisions have been made, there is little that can be 
done in manufacturing to influence assembly costs (except. of course, to manage the op¬ 
erations efficiently). 

. In this section, we consider a few of the principles that can be applied during prod¬ 
uct design tofacilitate assembly. Most of the principles have been developed in the context 



Sec. 17.4 / Analysis of Single Model Assembly Lines 


525 


of mechanical assembly, although some of them apply to jorning processes such as welding, 
soidering, brazing, and adhesive bonding. Much of the research in design for assembly has 
been motivated by the increasing use of automated assembly systems in industry. We con- 
sider the design guidelincs for automated assembly in Section 19.2. In our present discus- 
sion, we provide some importan t general principles of design for assembly, compiled from 
several snu rens [1], [4), [5|.They apply to both manual and automated operations, and their 
goal is to achieve the required design funetion by the simplest and lowest cost means. 

• Use thefewest number of paris posslble to reduce the amount of assembly required. 
This principle is implemented by combining funetions within the same part that might 
otherwise be accomplished by separate componcnts; for example, using a plastic mold- 
ed part instead of an assembly consisting of sheet metal parts. 

• Reduce the number of threadedfasteners required Instead of using separate thread- 
cd fasteners, design the components to be assembled using snap fils, retaining rings, 
integral fasteners, and similar fastening mechanisms that can be accomplished more 
rapidly. Use threaded fasteners only where justified (e.g., where disassembly or ad- 
juswicnt is required). 

• Standardize fasteners. This is intended to reduce the number of sizes and styles of fas¬ 
teners required in the product. Ordering and inventory problems are reduced, the 
assembly worker does not have to distinguish between so many separate fasteners, 
the workstation is simplified. and the variety of separate fastening tools is reduced. 

• Reduce parts orieniation diffieuliies. Orientation problems are generally reduced 
by designing parts to be symmetrical or minimizing the number of asymmetric fea¬ 
tures. This allows easier handling and insertion during assembly. 

• Avoidparts that tangle. Certain part configurations are more likely to become en- 
tangled in parts bins, frustrating assembly workers or jamming automatic feeders. 
Parts with hooks, holes, slots, and curls exhibit more of this tendency than parts with- 
out these features. 


17.4 ANALYSIS OF SINGLE MODEL ASSEMBLY LINES 

The relationships developed in this and the following section are applicable to single model 
assembly lines. With a little modification the same relationships apply to batch model lines. 
We consider mixed model assembly lines in Section 17.6. 

The assembly line inust be designed to achieve a production rate R p sufficient to sat- 
isfy demand for the product. Product demand is often expressed as an annual quantity, 
which can be reduced to an hourly rate. Management must decide how many shifts per 
week the line will operate and how many hours per shift. Assuming the plant operates 
50 wk/yr. then the required hourly production rate is given by 


R p 


D c 

50SH 


(17.3) 


where R p = average production rate (units/hr), D a — annual demand for the single prod¬ 
uct to be made on the line (units/yr). S = number of shifts/wk, and H = number of 
hr/shift. If the line operates 52 wk rather than 50, then R p = DJ52SH. If a time period 
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other than a year is used for product demand, then the equation can be adjnsted by using 
consisteni time units in the numerafor and denominator. 

This production rate must be converted to acyde time T c . which is the time interval 
at which the line will be operated. The cycle time must lake into account the reality that 
some production time will be lost due to occasional equipment failures. power outages, 
lack nf a certain component needed in assembly. quality problems, labor problems, and 
other reasons. As a consequenee of these losses, the line will be up and operating only a cer¬ 
tain proportion of time out of the total shift time available; this uptime proportion is referred 
to as the line efficiency. The cycle time can be delermined as 


T. 


60 E 
R p 


(17.4) 


where T c = cycle time of the line (min/cycle); R„ = required production rate, as deter¬ 
mined from Eq. (17.3) (units/hr); the constant 60 converts the hourly production rate to a 
cycle time in minutes; and E = line efficiency, the proportion of shift time that the line is 
up and operating.Typical values of E for a manual assembly line are in the range 0.90-0.98. 
The cycle time T c establishes the ideal cycle rate for the line: 


R c 


60 

T f 


(17-5) 


where R c = cycle rate for the line (cycles/hr), and T c is in min/cycle as in Eq. (17.4).This 
rate R c must be greater thair the required production rate R p because the line efficiency E 
is less than 100%. R p and R c are rclated to E as follows: 


E 


R P 

~R ( 


(17.6) 


An assembled product requires a ccrtain total amounl of time to build, called the 
work conlent lime T^.This is the total time of all work elements that must be performed 
on the line lo make one unit of the product. It represents the total amount of work that is 
accomplished on the product by the assembly line. It is useful to compute a theoretical 
minimum number of workers that will be required on the assembly line to produce a prod¬ 
uct with known T MK and specified production rate R p . The approach is basically the same 
as we used in Section 14.4.1 to compute the number of workstations required to achieve a 
specified production workload. Let us make use of Eq.(14.6) in that section to determine 
the number of workers on the production line: 


(17.7) 


where w = number of workers on the line; WL = workload to be accomplishcd in a given 
time period: and AT = available time in the period. The time period of interest will be 
60 min. The workload in that period is the hourly production rate multiplied by the work 
content time of the product; that is, 


WL = R T u 


(17.8) 
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whcrc R r = production rate (pc/hr), and T m = work content time (min/pc). 

Eq. (17.4) can be rearranged to the form R p — ME/T C . Substituting this into Eq. 
(17.8), we have 


The availablc time AT = 1 hr (60 min) muitiplied by the proportion uptime on the 
line; Ihat is. 


AT = 60E 

Substituting these terms for WL and AT into Eq. (17.7), the equation reduces to the ratio 
T,„ /T,. Since the number of workers must be an integer, we can State: 

T 

u' = Minimum Integer a — (17.9) 

whcrc u;* = theoretical minimum number of workers. lf we assume one worker per sta¬ 
tion (Af, = 1 for ail i, i = 1,2. n; and the number of Utility workers w u = 0), then this 

ratio also gives the iheorclica) minimum number of workstations on the line. 

Achieving this minimum value in practice is very unlikely. Eq. (17.9) ignores several 
factors thai exist in a real assembly line. These factors tend to inerease the number of work¬ 
ers above ihe theoretical minimum value. 

• Repositioning losses. Some time will be lost at each station for repositioning of the 
work unit or the worker.Thus, Ihe time available per worker to perform assembly is 
less than T c . 

• The line halancing problem. It is virtually impossible to divide the work content time 
evenly anion g all workstaiions. Some stations are bound to have an amount of work 
that requires less time than 7).This tends to inerease the number of workers. 

• Task time variability There is inherent and unavoidable variability in the time re- 
quired by a worker to perform a given assembly task. Extra time must be allowed for 
this variability. 

• Qua!i ty problems. Defective componcnts and other quality problems cause delays and 
rework that add to the workload. 

Let us consider repositioning tosses and imperfeet balancing in the following discussion. 
Task time variability and quality problems on manual assembly lines are treated in [20], [22], 
and [25]. For simplicity, let us limit our discussion to the case where one worker is assigned 
to each station (W, = l).Thus, when we refer to a certain station, we are referring to the 
worker at that station, and when we refer to a certain worker, we are referring to the sta¬ 
tion where that worker is assigned. 

17.4.1 Repositioning Losses 

Repositioning losses on a production line occur because some time is required each cycle 
to reposition the worker or the work unit or both. For example, on a continuous transport 
line with work units attached to the conveyor and rnoving at a constant speed, time is re¬ 
quired for the worker to walk from the unit just completed to the upstream unit entering 
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the station. In other conveyorizcd systems, time is required to remove the work unit from 
the conveyor and position it at the station for the worker to perform his or her task on it 
In all manual assembly lines, there is some lost time for repositioning, Let us define T r as 
the time required cach cyde to reposition the worker or the work unit or both. In our sub- 
sequent analysis, we assume that 7, is the same for all workers. although repositioning 
times may actually vary among stations. 

The repositioning time 7, must be subtracted trom the cycle time 7 r to obtain the 
avaiiable time remaining to perform the actual assembly task al each workstation. Let us 
refer to the time to perform the assigned task at each station as the service time. Il is syrn- 
bolized 7 (l , where i is used to idemify station /,-/ = 1.2..... n. Service times will vary among 
stations because the total work content cannol be allocated evcnly among stations. Some 
stations will have more work than others will. There will be at least one station at which 
T„ is maximum. This is sometimes referred to as the botileneck station because it eslab- 
lishes the cyde time for the entire line. This maximum service time must bc no greafer 
than the difference between the cycle time T, and the repositioning time 7,: that is. 

Max{7„} 7, - 7, for/ = 1,2....,« (17.10) 

where Max{T„} = maximum service time among all stations (min/cycle), T, = cycle time 
for the assembly line from Eq. (17.4) (min/cycle), and I, = repositioning time (assumed 
the same for all stations) (min/cycle). For simplicityof notation, let us use T, to denote 
this maximum allowable service time; that is. 

7, = Max{ rj .*= 7 r - 7, (17.11) 

At all stations where 7„ is less than 7,, workers will be idle for a portion of the cycle, as 
portrayed in Figure 17.4. Whcn the maximum service time does not consumc the entire 



Figure 17.4 Components of cycle time at several stations on a man¬ 
ual assembly line. At the slowest station, the bottleneck station, idle 
time = zero; at other stations idle time exists. Key: Sta = worksta 
tion, n = number of workstations on the line, T r = repositioning 
time, T„ — service time, 7 f = cyde time. 
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available time T c - T, (that is, when T, < T c - T,). then this means that the line could be 
operated at a faster pace than T c from Eq. (17.4). In this case, the cycle time T r is usually 
reduced so that T ( = T, + T r : this allows the production rate to be increased slightly. 

Repositioning losses reduce the amount of time thai can be devoted to productive 
assembly work on the line.These losses can be expressed in terms of an efficiency factor 
as follows: 


T, T e - T, 

E. = f= (17.12) 

where E, = repositioning efficiency, and the other terms are defined above. 

17.4.2 The Line Balancing Problem 

The work contcnt performed on an assembly line consists of many separate and distinet 
work elements. Invariably, the scquence in which these elements can be performed is re- 
stricted.at least lo some extern. And the line must operate at a specified production rate, 
which reduces to a required cycle lime as defined by Eq. (17.4). Given these conditions, the 
line balancing problem is concerned with assigning the individual work elements to work¬ 
stations so that all workers have an equal amount of work. Let us discuss the terminology 
of the line balancing problem in this section. We present some of the algorithms to solve it 
in Scction 17.5. 

T\vo important concepts in line balancing are the separation of the total work con- 
tent into minimum rational work elements and the precedence constraints that must be sat- 
isfied by these elements. Based on these concepts we can define performance measures 
for solutions to the line balancing problem. 

Minimum Rational Work Elements. A minimum rational work element is a small 
amount of work having a specific limited objective.such as adding a component to the base 
part or joining two components or performing some other small portion of the total work 
contcnt. A minimum rational work element cannot be subdivided any further without loss 
of practicality. For example. drilling a through-hole in a piece of sheet metal or fastening 
two machined components together with a bolt and screw would he defined as minimum 
rational work elements. Il makes no sense to divide these tasks into smaller elements of 
work. The sum of the work element times is equal to the work content time; that is, 

(17.13) 


where T tk = time to perform work element k (min), and n e = number of work elements 
into which the work content is divided; that is, k = 1,2,..., n t . 

In line balancing, we make the following assumptions about work element times: 
(1) Element times are constant values, and (2) T, t values are additive; that is, the time to 
perform two or more work elements in sequence is the sum of the individual element times. 
In faet, we know these assumptions are not quite true. Work element times are variable, 
leading to the problem of task time variability. And there is often motion economy that can 
bc aehieved by combining two or more work elements, llius violating the additivity as- 
sumption. Nevertheless, these assumptions are made to allow solution of the line balanc¬ 
ing problem. 
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The task time at station j, or service time as we are calling it, T„, is composed of the 
work element times that have been assigned to that station; that is. 




(17.14) 


An underlying assumption in this equation is that all T rk are less than the maximum ser¬ 
vice time T t . 

Different work elements require different times, and when the elements are grouped 
into logical tasks and assigned to workcrs. the station service times T si are not likely to be 
equal.Thus,sitnply because of the variation among work element times, some workers will 
be assigned more work, while others will be assigned less. Although service times vary from 
stalion-lo-station. they must add up to the work content time: 

T m -±T t (17.15) 

Precedence Constraints. In addition to the variation in element times that make 
it difficult to obtain equal service times for all stations, there are restriclions on the order 
in which the work elements can be performed. Some elements must be done before oth¬ 
ers. For example.to create a threaded hole, the hole must be drilled before it can be tapped. 
A machine screw that will use the tapped hole to attach a mating component cannot be fas¬ 
tened before the hole has been drilled and tapped. These technological requirements on 
the work sequence are called precedence constraints. As we shall see later,they complicate 
the line balancing problem. 

Precedence constraints can be presented graphically in the form of a precedence di¬ 
agram, which indicates the sequence in which the work elements must be performed. Work 
elements are symbolized by nodes, and the precedence requirements are indicated by ar- 
rows connecting the nodes. The sequence proceeds from left to right. Figure 17.5 presents 
the precedence diagram for the following example, which illustrates the terminology and 
some of the equations presented here. 



Figure 17.5 Precedence diagram for Example 17.1. Nodes represent 
work elements, and arrows indicate the sequence in which the ele¬ 
ments must be done. Element times are shown above each node. 
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EXAMPLE 17.1 A Problem for Line Balancing 

A sma.l electrical appliance is to be produced on a single model assembly line. 
The work content of assembling the product has been reduced to the work el¬ 
ements listed in Table 17.4. The table also lists the standard times that have 
been established for each element as well as the precedence order in which they 
n:ust be perfoimed. The line is lo be balanced for an annual demand of 
100.000 unit/yr.The line will operate 50 wk/yr, 5 shifts/wk. and 7.5 hr/shift. 
Manning level will be one worker per station, Previous experience suggests that 
the uptime efficiency for the line will be 96%, and repositioning time lost per 
cycle will bc 0.08 min. Determine: (a) total work content time T „, (b) required 
hourly production rate R f to achieve the annual demand, (c) cycle time 7",, 
(d) theoretical minimum number of workers required on the line, and (e) ser¬ 
vice time T, to which the line must be balanced. 


TABLE 17.4 Work Elements for Example 17.1 


No. Work Element Description 


1 Place frame in workholder and clamp 

2 Assemble pi ug. grommet to power cord 

3 Assemble brackels to frame 

4 Wire power cord to motor 

5 Wire power cord to switch 

6 Assemble mechanism plate to bracket 

7 Assemble blade to bracket 

8 Assemble motor to brackets 

9 Aliøn blade and attach to motor 

10 Assemble switch to motor bracket 

11 Attach cover, inspect, and test 

12 Place in tote pan for packing 


T u (min) Must Be Preceded By 


0.2 

0.4 

0.7 1 

0.1 1,2 

0.3 2 

0.11 3 

0.32 3 

0.6 3,4 

0.27 6,7,8 

0.38 5,8 

0.5 9,10 

0.12 11 


Solution: (a) The total work content lime is the sum of the work element times in Table 
Twc ~ 4 -0 min 

(b) Given the annual demand, the hourly production rate is 

100,000 _ . „ 

R '*50WM" 53J3 “ m<s/hr 

(c) The eorresponding cyde time T, with an uptime efficiency of 96% is 

60(0.96) 

sbr 


(d) The theoretical minimum number of workers is given by Eq. (17.9): 

«’* = ^Min Int £ = 3.7 j =4 workers 

(e) The available service time against which the line must be balanced is 

r, = 1.08 - 0.08 = 1.00 min. 
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Measures of Line Balance Efficiency. Because of the differences in minimum ra¬ 
tional work element times and the precedence constraints among the elements, it is virtu- 
ally impossible to obtain aperfect line balance. Measures must be defined to indicate how 
good a given line balancing solution is. One possible measure is balance efficiency, which 
is the work conlent time divided by the total available service time on the line: 


E b 


wT, 


(17.16) 


where E b — balance efficiency, often expressed as a percentage; T, = the maximum avai.- 
able service time on the line (Max{ T*-}) (min/cycle); and w - number of workers.The de- 
nominator in Eq. (17.16) gives the total service time available on the line to devote to the 
asscmbly of one product unit. The doser the values of T ur and wT„ the less idle time on 
the line E h is therefore a measure of how good the line balancing solution is. A perfect 
line balance yields a value of E b = l.OO.Typical line balancing efficiencies in industry range 
between 0.90 and 0.95. 

The compiement of balance efficiency is balance delay, which indicates the amount 
of time lost due to imperfeet balancing as a ratio to the total time available; that is. 


wT s 


(17.17) 


where d = balance delay; and the other terms have the same meaning as before. A balance 
delay of zero indicates a perfect balance. Note that E b + d ■ 1. 


Worker Requirements. In our discussion of the relationships in this section, we 
have identified three factors that reduce the productivity of a manual assembly linc.They 
can all bc expressed as efficiencies: 


1. line efficiency, the proportion of uptime on the line E, as defined in Eq. (17.6) 

2. repositioning efficiency , E„ as defined in Eq. (17.12) 

3. balancing efficiency. E b ,ax defined in Eq. (17.16) 


Together, they comprise the overall labor efficiency on the assembly line; defined as: 


Labor efficiency on the assembly line = E E, Et, (17.18) 

Using this measure of labor efficiency, we can calculate a more realistic value for the num¬ 
ber of workers on the assembly line, based on Eq. (17.9): 


W = Minimum Integer ^ = 


T m 

E,E b T r 


T kc 

E h T, 


(17.19) 


where w = number of workers required on the line, R p = hourly production rate (units/hr), 
and = work content time per product to be accomplished on the line (min/ 
unit). The trouble with this relationship is that it isdifficult to determine values for E, E r . 
and E b before the line is built and operating. Nevertheless, the equation provides an accu- 
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rate model of the parameters that affect the number of workers required to accomplish a 
given workload on a single model assembly line. 

17.4.3 Workstation Considerations 

Let US attach a quaniitalive definition to some of the assembly line parameters discussed 
in Sectton 17.1.1. A workstation is a position aiong the assembly line. whert one or more 
workers perform assembly lasks. If the manning level is one for all stations (M, = 1.0 for 

i = 1,2. n). then the number of stations is equal to the number of workers. In general, 

for any value of M for the line, 


(17.20) 


A workstation has a length dimension L„. where i denotes station /.The total length of the 
assembly line is the sum of the station lengths: 


^=2*.., (17-21) 

where L - length of the assembly line (m. ft),and L„ = length of station i (m, ft). In the 
case when all /.„ arc equal, 


(17.22) 


where = station length (m, ft). 

A common transport system used on manual assembly lines is a constant speed con- 
veyor. Let us consider this case in developing the following relationships. Base parts arc 
launched onto the beginning of the line at constant time intervals equal to the cycle time 
7). This provides a constant feed rate of base parts, and if the base parts remain fixed to 
the conveyor during their assembly, this feed rate will be maintaired throughout the line. 
The feed rate is simply the reciprocal of the cycle time: 

f„-~ (n.23) 

where f p = feed rate on the line (products/min). A constant feed rate on a constant speed 
conveyor provides a center-to<enter distance between base parts given by 

b = j = (17.24) 

where s p = center-to-centerspacing between base parts (m/part, ft/part), and v c = velocity 
of the conveyor (ra/min, ft/min). 

As we discussed in Section 17.1.3, pacing with margin is a desirable way to operate 
the line to achieve the desired production rate and at the same time allow for some prod- 
uct-to-product variation in task times at workstations, One way to achieve pacing with 
margin in a continuous transport system is to provide a tolerance time that is greater ihan 
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the cycle time. Tolerance time is defined as the time a work unit spends inside the bound- 
aries of the workstation. It is determined as the length of the station divided by the con- 
veyor velocity; that is. 


T, 


(17.25) 


where T, = tolerance time (min/part), assurning that all station lengths are equal. If sta¬ 
tions have differcnt lengths, identilied by L ± , then the tolerance times will differ propor¬ 
tionally, since v, is constant. 

The author believes a good rule-of-thumb is for the ratio of tolerance time to cycle 
time to bc around 1.5. This permits the assembly worker to deal with modest variations in 
unit-to-unit task time. Limitations on floor space do not always permit this rule to be ap- 
plied. Ratios of T,/T e — 1.0 are often used when the product is large and workers are al- 
iowed to travel beyond their own station boundaries upstream and/or downstream. 

The total elapsed time a work unit spends on the assembly line can be determined 
simply as the length of the line divided by the conveyor velocity. It is alsoequa! to the tol¬ 
erance time multiplied by the number of stations. Expressing these relationships in equa- 
tion form, we have 


(17.26) 


where ET = elapsed time a work unit (specifically, the base part) spends on the convey¬ 
or during its assembly (min). 


17.S LINE BALANCtNG ALGORITHMS 

The objective in line balancing is to distribute (he total workload on the assembly line as 
evenly as possible among the workers. This objective can be expressed mathematically in 
two alternative but equivalent forms: 


Minimize {wT, — T^) or Minimize ^ (T s — T si ) 


(17.27) 


subject to: (1) 2 T tk < T s and (2) all precedence requirements are obeyed. 

In this section, we consider several methods to solve the line balancing problem, using 
the data of Example 17.1 to illustrate.The algorithms are: (1) largest candidate rule,(2) Kil- 
bridge and Wester method, and (3) ranked positional weights method. These methods are 
heuristic, meaning !hey are based on common sense and experimentation rather than on 
mathemalical optimization. In each of the algorithms, we assume that the manning level is 
one, so when we identify station i, we are also identifying the worker al station i. 
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17.5.1 Largest Candidale Rule 


In this mcthod, work elements are arranged in descending order according to their val- 
ues, as in Table 17.5. Given this list, the algorithm consists of the following steps: (J) assign 
elements to '.he worker at the first workstation by starting at the top of the list and select- 
ing the first element that satisfies precedence requirements and does not cause the total sum 
of /',i at that station to exceed the allowable T,: when an element is selected for assignment 
to the station, start back at the top of the list for subsequent assignments; (2) when no more 
elements can bc assigned without exceeding T,. then proceed to the next station; (3) repeat 
steps 1 and 2 for the other stations in turn until all elements have been assigned. 

TABLE 17.5 Work Elements Arranged According to 7* 

Value for the Largest Candidate Rule 


Work Element (min) Preceded By 


3 0.7 1 

8 0.6 3,4 

11 0.5 9,10 

2 0.4 

10 0.38 5,8 

7 0.32 3 

5 0.3 2 

9 0.27 6,7,8 

1 0.2 

12 0.12 11 

6 0.11 3 

4 0.1 1,2 


EXAMPLE 17.2 Largest Candidate Rule 

Apply the largest candidate rule to Example Problem 17.1. 

Solution: Work elements are arranged in descending order in Table 17.5, and the algorithm 
is carried out as presented in Table 17.6. Five workers and stations are required 
in the solution Balance efficiency is computed as: 


TABLE 17.6 


Slation 


2 

3 


Work Elements Assigned to Stations According to the 
Largest Candidate Ru le 


Work Element T u /min) Station Time (min) 


2 0.4 

5 0.3 

1 0.2 

4 0.1 1.0 

3 0.7 

6 0.11 0.81 

8 0.6 

10 0.38 0.98 

7 0.32 

9 0.27 0.59 

11 0.5 

12 0.12 0.62 
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Station 1 Station 2 Station 3 Station 4 Station S 



(b) 


Figure 17.6 Solution for £xample 17.2, which indicates: (a) assign- 
ment of elements according to the largest candidate rule and 
(b) physical sequence of stations with assigned work elements. 


E b 


Balance delay d = 0.20.The line balancing solution is presented in Figure 17.6. 


17.5.2 Kitoridge and Wester Method 

This method has received considerable attention since its introduction in 1961 [18] and 
has been applied with apparent success to several complicated line balancing problems in 
industry [22]. It is a heuristic procedure that selects work elements for assignment to sta¬ 
tions according to their position in the precedence diagram. This overcomes one of the dif- 
ficulties with the largest candidate rule in which an element may be selected because of a 
high T, value but irrespective of its position in the precedence diagram. In general, the Kil- 
bridge and Wester method provides a superior line balance solution than the largest can¬ 
didate rule (although this is not the case for our example problem). 

In the Kilbridge and Wester method, work elements in the precedence diagram are 
arranged into columns, as shown in Figure 17.7. The elements can then be organized into 
a list according to their columns, with the elements in the first column listed first. We have 
developed such a list of elements for our example problem in Table 17.7. If a given element 
can be located in more than one column, then list all of the columns for that element, as 
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Column 



Flgure 17.7 Work elements in example problem arranged into 
columns for the Kilbridge and Wester method. 


TABLE 17.7 Work Elements Listed According to Columns from 
Figure 17.7 for the Kilbridge and Wester Method 


Work Element 

Column 

T*, (min) 

Preceded By 

2 

1 

0.4 

_ 

1 

1 

0.2 

- 

3 

II 

0.7 

1 

5 

II, III 

0.3 

2 


II 

0.1 

1.2 

8 

III 

0.6 

3,4 

7 

111 

0.32 

3 

6 


0.11 

3 

10 

IV 

0.38 

5,8 

9 

IV 

0.27 

6,7,8 

11 

V 

0.5 

9,10 

12 

VI 

0.12 

11 


we have done in the case of element 5. In our list, we have added the feature that elements 
in a given column are presented in the order of their T tk value; that is, we have applied the 
largest candidate rule within each column. This is helpful when assigning elements to sta¬ 
tions, because it ensures that the larger elements are selected first, thus inereasing our 
chances of making the sum of T !k in each station doser to the allowable T s limit. Once the 
list is established, the same three-step procedure is used as before. 
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EXAMPLE 17.3 Kilbridge and Wester Method 

Appiy the Kilbridge and Wester method to Example Problem 17.1. 


TABLE 17.8 


Station 


Work Elements Assigned to Stations According 
Wester Method 


Work Element Column T a , (min) 


2 I 0.4 

1 I 0.2 

5 II 0.3 

4 II 0.1 

3 II 0.7 

6 III 0.11 

8 Ml 0.6 

7 III 0.32 

10 IV 0.38 

9 IV 0.27 

11 V 0.5 

12 VI 0.12 


to the Kilbridge and 


Station Time (min) 


1.0 

0.81 

0.92 


0.65 

0.62 


Solution: Work elements are arranged in order of columns in Table 17.7. The Kilbridge 
and Wester solution is presented in Table 17.8. Five workcrs are again required, 
and the balance effidency is once more E b = 0.80. Note that although the bal¬ 
ance efficiency is the same as in the largest candidate rule, the allocation of 
work elements to stations is different. 


17.5.3 Ranked Positional Weights Method 

The ranked positional weights method was introduced by Helgeson and Bimie [14J. In 
this method, a ranked positional weight value (call it RPW for short) is computed for each 
element. The RPW takes into account bolh the T, k value and ils position in the prece- 
dence diagram. Specifically, RPW* is calculated by summing T ek and all other times for el¬ 
ements that follow T ct in the arrow chain of the precedence diagram. Elements are 
compiled into a list according to their RPW value. and the algorithm proceeds using the 
same three steps as before. 

EXAMPLE 17.4 Ranked Positional Weights Method 

Apply the ranked positional weights method to Example Problem 17.1. 
Solution: The RPW must be calculated for each element. To illustrate, 

RPW,, = 0.5 + 0.12 = 0.62 
RPW„ = 06 + 0.27 + 0.38 + 0.5 + 0.12 = 1.87 
Work elements are listed according to RPW value in Table 17.9. Assignment of 
elements to stations proceeds with the solution presented in Table 17.10. Note 
that the largest T, value is 0.92 min.This can be exploited by operating the line 
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TABLE 173 List of Elements Ranked According to Their Ranked 
Positional Weights (RPW1 


Work Element RPW 

Ta, (min) 

Preceded By 

1 

3.30 

0.2 

_ 

3 

3.00 

0.7 


2 

2.67 

0.4 


4 

1.97 

0.1 

1.2 

8 

1.87 

0.6 

3.4 

5 

1.30 

0.3 

2 

7 

1.21 

0.32 

3 

6 

1.00 

0.11 

3 

10 

1.00 

0.38 

5,8 

9 

0.89 

0.27 

6,7,8 

11 

0.62 

0.5 

9,10 

12 

0.12 

0.12 

11 

TABLE 17.10 

Work Elements Assigned to Stations According to the 
Ranked Positional Weights (RPW) Method 

Station 

Work Element 

T* (min) 

Station Time (min) 

1 

1 

0.2 



3 

0.7 

0.90 

2 

2 

0.4 




0.1 



5 

0.3 



6 

0.11 

0.91 

3 

8 

0.6 



7 

0.32 

092 

4 

10 

0.38 



9 

0.27 

0.65 

5 

11 

0.5 



12 

0.12 

0.62 


at this faster rate, with the result that line balance efficiency is improvcd and pro- 
duction rate is inereased. 


E h = 


4.0 

H- 92 ) 


= 0.87 


The cycle time is T, = T, + T, = 0.92 + 0.08 = 1.00:therefore. 


R, = ^ = 60 cycles/hr, and from Eq. (17.6). R p = 60 x 0.96 = 57.6 units/hr 


This is a better solution than the previous line balancing methods provided. It turns 
out that the performance of a given line balancing algorithm depends on the problem to 
he solved. Some line balancing methods work better on some problems, while other meth¬ 
ods work better on other problems. 
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17.5.4 Computerized Techniques 

The three melhods described above have all been developed into computer programs to 
solve large line balancing problems in industry. However, even as rapidly executed computer 
programs, these algorithms are still heuristic and do not guarantee an optimum solution. 
Attempts have been made to exploit the high speed of the digital computer by developing 
algorithms that either (1) perform a more cxhaustive search of the set of solutions to a 
given problem or (2) utilize some mathematical optimization technique to solve it. Exam- 
plcs of the first type are COMSOAL and CALB. Examples of the second type include 
branch and bound algorithms developed by Villa [24] and Deulsch [10] 

COMSOAL (stands for COmputcr Method of SequencingOperations for Assembly 
Lines) wasdeveloped at Chrysler Corp. and reported by Arcus [2].The basic procedure is 
to iterate through a large number of alternative solutions by randomly assigning elements 
to stations in each solution, and on each iteration comparing the current solution with the 
previous besl solution, discarding the current one if it is not better than the previous best, 
and replacing the previous best if the current solution is better. 

During the 1970s, the Advanced Manufacturing Methods Program of the HT Re¬ 
search Institute was a nucleus for research on line balancing in the United States. Arourd 
1968, the group iniroduced CALB (Computer-Aided Line Balancing), which has been 
widely adopted in a variety of Industries that manufacture assembled products, including 
automotive, appliances, electronic equipment, and military hardware. CALB can be used 
for both single model and mixed model lines. For single model lines, the data required to 
use the package are the kind of work element data compiled in Table 17.4, plus other cod- 
straints. Also needed are minimum and maximum limits on station service time. Elements 
are sorted according to their T. values and piecedence constraints; they are then assigned 
to stations to satisfy the allowable service time limits. Line balancing solutions with less than 
2 % balance delay have been reported [22], For mixed model lines, additional data include 
production requireraents per shift for each model to be run on the line. Solutions obtained 
by CALB for the mixed model case are described as being near optimum. 

17.6 MIXED MODEL ASSEMBLY LINES 

A mixed model assembly line is a manual production line capable of producing a variety 
of different product models simultaneously and continuously (not in batches). Each work¬ 
station specializes in a certain set of assembly work elements, but the stations are suffi¬ 
ciently flexible that they can perform their respective tasks on different models. Mixed 
mode) lines are typically used to aceomplish the final assembly of automobiles, small and 
large trucks, and major and small appliances. In this section, we discuss some of the tech- 
nical issues related to mixed model assembly lines, specifically; (1) determining the num¬ 
ber of workers and other operating parameters, (2) line balancing, and (3) model launching. 

17.6.1 Determining Number of Workers on the Line 


To determine the number of workers required for a mixed model assembly line, we again 
start with Eq. (17.7): 
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where w = number of workers; WL = workload lo be accomplished by the workers in 
the schedulcd lime period (min/hr). and AT = available time per worker in the same time 
period (min/hr/'worker).The tinte period used here is an hour,but units could be minutes 
per shift or minutes per week, depending on the information available and the analyst’s 
preference. 

1 be workload consists of the. work eontent time of eaeb model mnltiplied hy its re- 
spective production rate during the period; that is, 

WL = 2 R r, T v*i (17.28) 

where WL = workload (min/hr); R PI = production rate of model j (pc/hr): T wn = work 
eontent time of model j (min/pc); P = the number of models to be produced during the 

period; and ; is used to identify the model,; = 1,2. P. 

Available time per worker is the number of minutes available to accomptish assem- 
bly work on the product during the hour. In the ideal case, where repositioning and line bal¬ 
ance efficiencies are 100%, then AT - 60 E, where E = proportion uptime on the line. 
This allows us to dclcrmine the theoretical minimum number of workers: 

WL 

tø* = Minimum Integer > (17.29) 

More realistically. repositioning and balance efficiencies will be less than 100%, and this faet 
should be factored into the available time: 

AT = 60 EE,E b (17.30) 

where AT - available time per worker (min/hr). 60 = maximum number of minutes in 
an hour (min/hr). £ = line efficiency. £, = repositioning efficiency, and E b = balance 
efficiency. 

EX AMPLE I7.S Number of Workers Requtred in a Mixed Model Line 

The hourly production rate and work eontent time for two models to be pro- 
duced on a mixed model assembly line are given in the tablc below: 


Mode / i 

R„i (per hr) 

T mj (min) 

A 

4 

27.0 

B 

6 

25.0 


Also given is that line efficiency £ = 0.96 and manning level M - l.Determine 
the theoretical minimum number of workers required on the assembly line. 
Solution: Workload per hour is computed using Eq. (17.28): 

WL = 4(27) + 6(25) = 258 min/hr 
Available time per hour is 60 min 


correcled for £: 
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AT = 60(0.95) = 57.6 min. 

UMiig Eq. (17.29), the theoretical minimum nurnber af workers is tbercforc: 
w‘ = Minimum Integer s = 4.48 —> 5 workers 


17.6.2 Mixed Model Line Balancing 

The objectivc in mixed model line balancing is the same as for single model lines: to spread 
the workload among stations as evenly as possible. Algorithms used to solve the mixed 
rnodel line balancing problem are usually adaptations of methods developed for single 
model lines. Our treatment of this topic is admittedly limited. The interested reader can pur- 
sue mixed model line balancing and its companion problem, model sequencing, in sever- 
al of our references, including [81, [22], [23], [251. A literature review of these topics is 
presented in [12], 

In single model line balancing, work element times are ulilized to balance the line, as 
in Section 173. In mixed model assembly line balancing, total work element times per shift 
or per hour aTe used.The objective funetion can be expressed as follows: 

Minimize(u- AT - WL) or Minimize 2 (AT - TT,,) (17.31) 

where w - number of workers or stations (wc are again assuming the M, — 1, so that 
n - w). AT - available time in the period of inierest (hour, shift) (min), WL = work¬ 
load to be accomplished during same period (min), and 7T„ = total service time at station 
/ to perform its assigned portion of the workload (min). 

The two statements in Eq. (17.31) are equivalent. Workload can be calculated as be- 
fore, using Eq. (17.28): 


WL = 2 

To determine total service time at station i, we must first compute the total time to perform 
each element in the workload. Let T e/k = time to perform work element k on product /. 
The total time per element is given by: 


m- 


(17.32) 


where TT k = total time within the workload that must be allocated to element k for all 
products (min). Based on these 77* values, element assignments can be made to each sta¬ 
tion according to one of the line balancing algorithms. Total service times at each station 
are computed: 


TT» = S TT k 


(17.33) 
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where ?T„ = total service time at station /. which equals the sum of the times of the ele¬ 
ments that have been assigned to that station (min). 

Mcasuies of balance efficiency for mixed model assembly line balancing correspond 
to those m single model line balancing: 


E b 


Wf 

u,’(Max{7T„}) 


(17.34) 


where E/, = balance efficiency, WL = workload from Eq. (17.28) (min), u> = number of 
workers (stations), and Max{7T„} = maximum value of total service time among all sta¬ 
tions in the solution. It is possible that the line balancing solution will yield a value of 
Max{7T„} thai is less than the available total time AT. This situation occurs in the fol- 
lowing cxample. 


EXAMPLE 17.6 Mixed Model Assembly Line Balancing 

This is a continuation of Example 17.5. For the two models A and B, hourly 
production rates are: 4 units/hr for A and 6 units/hr for B. Most of the work el¬ 
ements arc common to the two models, but in some cases the elements take 
longer for onc model than for the other. The elements, times, and precedence 
requirements are given in Table 17.11. Also given: £ = 0.96, repositioning time 
T, = 0.15 min, and M, = 1. (a) Construct the precedence diagram for each 
model and for both models combined into one diagram, (b) Use the Kilbridge 
and Wester method to solve the line balancing problem, (c) Determine the bal¬ 
ance efficiency for the solution in (b). 

Solution: (a) The precedence diagrams are shown in Figure 17.8. 

(b) To use the Kilbridge and Wester method, we must do the following: (1) cal- 
eulate total production time requirements for each work element, TT k , ac- 
cordingto Eq.( 17.32), which is done in Table 17.12; (2) arrange the elements 
according to columns in the precedence diagram, as in Table 17.13 (within 
columns, wc have listed the elements according to the largest candidate 
rule); and (3) allocate elements to workstations using the three-step proce¬ 
dure defined in Seclion 17.5.1. To accomplish this third step, we need to 
compute the available time per worker, given proportion uptime E = 0.96 


TABLE 17.11 Work Elements for Models A and B in Example 17.6 
Work element k T tAk (min/ Preceded By 7^ (min) Preceded By 

1 3 

2 4 1 

3 2 1 

4 6 1 

5 3 2 

6 4 3 

7 

8 5 5,6 

f« 27 25" 




Chap. 17 / Manual Assembly Lines 


544 



(c) 


Figur« 17.8 Precedence diagrams for Example 17.6: (a) for model A, 
(b) for model B, and (c) for both models combined. 


TABLE 17.12 Total Times Required for Each Element in Each Model to Meet 
Respective Production Rates for Both Models in Example 17.6 


Element k 

flp* Tw Imin.) 

Rpa T *m Imin.) 

(min.) 

1 

12 

18 

30 

2 

16 

24 

40 

3 

8 

18 

26 

4 

24 

30 

54 

5 

12 

0 

12 

6 

16 

12 

28 

7 

0 

24 

24 

8 

20 

24 

44 

258 


TABLE 17.13 

Elements Arranged 

Columns i 

Example 17.6 

Element 

Column 

TT k 

Preceded By 

1 

1 

30 

_ 

4 

II 

54 

1 

2 

II 

40 

1 

3 

II 

26 

1 

6 

III 

28 

3 

7 

III 

24 

4 

5 

III 

12 

2 

8 

IV 

44 

5,6,7 
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and repositioning efficiency E, To determinc E r . we note that total pro- 
duction rate is 

R p = 4 + 6 = 10 units/hr 

The corresponding cycle time is found by multiplying the reciprocal of this 
rate by proportion uptime E and accounting for the difference in time units, 
as follows: 

60(0.96) 

Tc = 10 = 576 mm 

The service time each cycle is the cycle time less the repositioning time T r : 

T, = 5.76 - 0.15 = 5.61 min. 

Now repositioning efficiency can be determined as follows: 

E, = 5.61/5.76 = 0.974 

Hence we have the available time against which the line is to be balanced: 

AT = 60(0.96)(0.974) = 56.1 min. 

Allocating elements to stations against this limit, we have the final solution pre¬ 
sented in Table 17.14. 


TABLE 17.14 Allocation of Work Elements to Stations in Example 
17.6 Uslng the Kilbridge and Wester Method 


Station 

Element 

77, (min) 

7T„ (min) 

1 

1 

30 



3 

26 

56 

2 

4 

54 

54 

3 

2 

40 



5 

12 

52 

4 

6 

28 



7 

24 

52 

5 

8 

44 

44 




258 


(c) Balance efficiency is determined by Eq. (17.34), Max{ 7T„} = 56 min. Note 
that this is slightly less than the available time of 56.1 min, so our line will 
operate slightly faster than we originally designed it for. 


17.6.3 Model Launching in Mixed Model Lines 

We have previously noted that production on a manual assembly line typically involves 
launching of base parts omo the beginning of the line at regular time intervals. In a single 
model line, this time interval is constant and set equal to the cycle time T t . The same ap- 
plies for a batch model line, but T c is likely to differ for each batch because the models are 
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different and their production requirements are probably different. In a mixed model line, 
mode! launching is more complicated because each model is likcly to have a different work 
content time, which translates into different station service times. Thus. the time interval 
between launches and the sclection of which model to launch are interdependent. For ex- 
ample. if a series of models with high work content times are launch ed at short time inter¬ 
vals, the assembly line will quickly become congcsted (ovcrwhelmcd with too mueh work). 
On the other hånd, if a series of models with low work content times are launched at long 
time intervals, then stations will be starved for work (with resulting idleness). Neither con- 
gestion nor idleness is desirable. 

The model launching and line balancing problems are closely related in mixed model 
lines. Solution of the model launching problem depends on the solution to the line bal¬ 
ancing problem. The model sequencc in launching must consist of the same model mix 
used to solve the line balancing problem. Otherwise.sonic stations are likely to experience 
excessive idle time while others endure undue congestion. 

Determining the time interval between successive launches is referred to as the 
launching discipline. Two alternative launching disciplines are available in mixed model 
assembly lines: (1) variable rate launching and (21 fixed rate launching. 

Variable Rate Launching. In variable rate launching, the time interval between 
the launching of the current base part and the next is set equal to the cycle time of the cur- 
rent unit. Since different models have different work content times and thus different task 
times per station, their cyde times and launch time intervals vary. The time interval in vari¬ 
able rate launching can be expressed as follows: 



where T a ,(i) = time interval before the next launch in variable rate launching (min), 
T mi = work content time of the product just launched (model /') (min), w = number of 
workers on the line, E, = tepositioningefficiency.and E b = balance efficiency. Ifmanning 
level M, = 1 for all i, then the number of stations n can be substiiuted for w. With variable 
rate launching, as long as the launching interval is determined by this formula, then mod¬ 
els can be launched in any sequence desired. 


EXAMPLE 17.7 Variable Rate Launching in a Mixed Model Assembly Line 

Determine the variable rate launching intervals for models A and B in Ex- 
amples 17.5 and 17.6. From the results of Example (7.6, we have E, = 0.974 
and E b = 0.921. 

Solution: Applying Eq. (17.35) for model A, we have 


And for model B, 


T,„(A) = 


5(.974) (.921) 


= 6.020 min. 


Tcr( - B) 5(.974)(.921) 5,574 nl 
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When a unil of model A is launched on:o the front of the line, 6.020 min must 
eiapse before the next launch. When a unit of model B is launched onto the 
front of the line, 5.574 min must eiapse before the next launch. 


The advantage of variable rate launching is that units can be launched in any order 
without causing idle time or congestion at workstations. The model mix can be adjusted at 
a moment’s notice to adapt to changes in demand for the various products made on the line. 
Howcver, there are certain technical and logistical issues thal must bc addressed when 
variable rate launching is used. Among the technical issues. the work carriers on a moving 
convevor are usuallv locaied at constant intervals along its length, and so the work units 
must be attached only at these positions, ’l'his is nol compatible with variable rate launch¬ 
ing. which presumes that work units can be attached at any location along the conveyor cor- 
responding to the variable rate launching interval T„ for the preceding model. Among the 
logistical issues in variable rate launching is the problem of supplying the correct compo- 
nents and subassemblies to the individual stations for the models being assembled on the 
line at any given moment. Bccause of these kinds of issues, industry seems to prefer fixed 
rate launching. 

Fixed Rate Launching for Two Models. In fixed rate launching. the time inter¬ 
val between two consecutive launches is constant.This launching discipline is usually set 
by the speed of the convevor and the spacing between work carriers (e.g., hooks on a 
chain conveyor that occur at regular spacing in the chain). The time interval in fixed rate 
launching depends on the product mix and production rates of models on the line. Of 
course.the Schedule must be consistent with the available time and manpower on the line, 
so repositioning efficiency and line balance efficiency must be figured in. Given the hourly 
production Schedule, as well as values of £, and £„, the launching time interval is deter¬ 
mined as: 


*-2X 7 '«v, 


(17.36) 


where T cf = time interval between launches in fixed rate launching (min);/? P( = produc¬ 
tion rate of modely' (units/hr); T Mj = work content time of model j (min/unit); R p = total 
production rate of all models in the schedule. which is sirnply the sum of R rj values; P = the 
number of models produced in the scheduled period, j = 1,2,.. ., P; and tv, £,, and E h 
have the same meaning as before. If manning leve! Af, = 1 for all i. then n can be used in 
plaee of w in the equation. 

In fixed rate launching, the models must be launched in a specific sequence; otherwisc, 
station congestion and/or idle time (starving) will occur. Several algorithms have been de- 
veloped to sclect chc modei sequence [7]. [11J,[22J, [23], [25],cach with ils advantages and 
disadvantages. In our present coveragc. we attempt to synthesize the findings of this pre- 
vious research to provide two approaches to the fixed rate launching problem, one that 
works for the case of two models and another that works for three or more models. 

Congestion and idle time can be idenlified in each successive launch as the difference 
between the eumulative fixed rate launching interval and the sum of the launching inter¬ 
vals for the individual models thai have been launched onto the line. This difference can 
be expressedmathcmatically as follows: 
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Congestion time or idle time = (T c)h - mT cl ) (17.37) 

where T ef — fixed rate launching interval determined by Eq. (17.36) (min), m = launch 
sequence during the period of interesi.A = launch index number for summation purpos¬ 
es, and T clh - the cycle time associated with model j in launch position h (min), calculut- 
ed as follows: 


T.iH = 


T mj 


(17.38) 


where the symbols on the right hånd side of the equation are the same as for Eq. (17.35). 

Congestion is recognized when Eq. (17.37) yields a positive difference, indicating that 
the actuai sum of task times for the models thus far launched (m) exceeds the planned cu- 
mulativc task time. Idle time is identified when Eq. (17.37) yields a negative value, indicating 
that the actuai sum of task times is less than the planned time for the current launch tn. It 
is desirable to minimize both congestion and idle time. Accordingly, let us propose the fol- 
lowing procedure, in which the model sequence is selected so that the square of the dif¬ 
ference between the cumulative fixed rate launching interval and the eumulutive individual 
model launching interval is minimized for each launch. Expressing this procedure in equa¬ 
tion form, we have: 


For each launch m, select j to minimize 



(17.39) 


where all terms have been defined above. 

EXAMPLE 17.8 Fixed Rate Launching in a Mixed Model Assembly Line for 'IVvo Models 

Determine: (a) the fixed rate launching interval for the production Schedule in 
Example 17.5 and (b) the launch sequence of models A and B during the hour. 
Use E, and E b from Example 17.5(b). 

Solution; (a) The combined production rate ofmodelsA and Bis R p = 4 -I- 6 = lOunits/hr. 
The fixed tinve interval is computed using Eq. (17.36): 

(4(27) + «(25)| 

1 ‘ ~lwiiixir' * 5 - 752 ” in 

(b) To use the sequencing rule in Eq. (17.39), we need to compute T rjh for each 
model by Eq. (17.38).The values are the same as those computed in previous 
Example 17.7 for the variable launching case: for model A, T cAh - 6.020min, 
and for model B, T cBh - 5.574 min. 

To select the first launch, compare 

For model A, (6.020 - 1(5.752) : = 0.072 
For model B, (5.574 - 1(5.752) 2 = 0.032 
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TABLE 17.15 Fixed Rate Launching Sequence Obtained for Example 17.8 


Launchm 


I 2 T c , h + T cBm - I 


,r » (l' r " + 


Model 


1 5.752 0.072 

2 11.504 0.008 

3 17.256 0.128 

4 23.008 0.032 

5 28.760 0.201 

6 34.512 0.073 

7 40.264 0.008 

8 46.016 0.130 

9 51.768 0.033 

10 57.520 0.202 


0.032 B 

0.127 A 

0.008 B 

0.071 A 

0.000 B 

0.031 B 

0.125 A 

0.007 B 

0.070 A 

0.000 B 


The value is mininiized for model B: therefore. a base part for model B is launched 
firs.1 (m = 1). 

To select ihc sccond launch. compare 

Formode) A.(5.574 +- 6.020 - 2(5.752) 2 = 0,(X)8 
Formodel B. (5.574 + 5.574 - 2(5.752) J = 0.127 

The value is minimized for model A: therefore. a base part for model A is launched second 
(m - 2).The procedure continues in this way, with the results displayed in Table 17.15. 


Fixed Rate Launching for Three or More Models. The reader will note that 4 
units of A and 6 units of B are scheduted in the scqucncc in Table 17.15, which is consis- 
tent with the production rate data given in the original example. This Schedule is repeat- 
ed each successive hour. When onlv two models are being launched in a mixed model 
assembly line. Eq. (17.39) yields a sequence that matches the desired scheduled used to 
calculale T,, and T, :h . However. when three or more models are being launched onto the 
line, Eq. (1739) is likely to yield a Schedule that does not provide the desired model mix 
during the period. What happens is that models whose T cjh values are close lo T cl are over- 
produced. whereas models with T c)h values significantly different from T ( , are underpro- 
duced or even omitted from the Schedule. Our sequencing procedure can be adapted for 
the case of three or more models by adding a term to the equation that forces the desired 
Schedule to be met. The additional term is the ratio of the quantily of model j to be pro- 
dueed during the period divided by the quantity of model j units that have yet to be 
launched in the period: that is. 


K pj 

Additional term for three or more models =- 

Q, m 


where R„ = quantity of model j to be produced during the period. that is, ihc production 
rate of model j (units/hi); and Q im = quantity of model / units remaining to be launched 
during the period as m (number of launches) inereases (unils/hr). Accordingly. the fixed 
rate launching procedure for three or more models can be expressed as follows: 
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Foreach launch m.sclectj to minimize ^ T l/h - mT c ^j + (17.40) 

where all tenns have been previously defined. The effect of the additional term is to reduce 
the chances that a unit of any model j will be selected for launching as the number of units 
of that model already launched during the period increases. When the last unit of model / 
scheduled during the period has been launched, the chance of launching another unit of 
model j becomes /ero. 

Selectmg the sequence in fixed rate launching can sometimes be simplified by divid- 
ing all R.. valnes in the Schedule by the largest coiamon denominator (if one exisls). whicb 
results in a set of new values. all of which are integers. For instance, in Example 17.8, the 
hourly Schedule consists of 4 units of model A and 6 units of model B. The common de¬ 
nominator 2 red uces the Schedule to 2 units of A and 3 units of B each half hour. These val¬ 
ues can then be used in the ratio in Eq. (17.40). The model sequence obtained from Eq, 
(17.40) is then repeated as necessary lo fill out the hour or shift. 


EXAMPLE 17.9 Fixed Rate Launching in a Mixed Model Assembly Line 
for Three Models. 


Let us add a third model, C. to the production schedule in previous Example 
17.8. TWo units of model C will be produced each hour, and its work content 
time = 30 min. Proportion uptinie E = 0.96, as beforc. 

Solution: Let us begin by calculating the total hourly production rate 


R r = 4 + 6 + 2 = 12 units/hr. 

Cycle time is determined based on this rate and the given value of propor¬ 
tion uptinie E: 


Then 


T, = 4.80 - 0.15 = 4.65 min. 

Using these values we can delermine repositioning efficiency. 

E, ~ 4.65/4.80 = 0.96875 

To determine balance efficiency, we need to divide the workload by the avail- 
able time on the line, where available time is adjusted for line efficiency E and 
repositioning efficiency E ,. Workload is computed as follows: 

WL = 4(27) + 6(25) + 2(30) = 318 min. 

Available time to be used in line balandng is thus: 

AT * 60(.96)(.96875) = 55.80 min. 

The number of workers (and stations, since M, - T) required is given by 
v> = Minimum Integer S = 5.7 —► 6 workers 
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For our example, let us assume that the line can be balanced with six workers, 
lcading to thc followiug balance efficiency: 


Using the valnes of F, and F. b in 
calculatcd: 


318 

6(55.8) 


= 0.94982 


Fq. (17.36), rhe fixed 


launching interval is 


The T c , k values for cach model are, respectively, 


T ‘ Ah = 6( .96875) (.94982) = 4-891 ^ 
T,m = 6( .96875) (.94982) = 4l528m,n - 
rtC * “ 6(.96875){.94982) = 5 ' 434min - 


Let us note that the models A, B, and C are produced at rates of 4,6, and 
2 units/hr. Using the common denominator 2,these rates can be rcduced to 2, 
3. and 1 per halfhour. respectively.These are the values we will use in thead- 
ditional term of Eq.( 17.40).The starting values of Q /m form = 1 are Q M = 2, 
Q m = 3,and Q a = l.According to our procedure, we have: 

Formodel A. (4.891 - 4.80) 2 + | = 1.008 
For model B, (4.528 - 4.80 ) 2 + | = 1.074 
For model C, (5.434 4.80) 2 + | - 1.402 


The minimum value occurs if a unit of model A is launched. Thus, the first 
launch (m = 1) is model A.The value of Q AI is decremented by ihe one unit 
already launched, so thal Q A2 = 1. For thc second launch, we have: 

For model A, (4.891 + 4.891 - 2(4.80)) 2 + y = 2.033 
Formodel B,(4.891 + 4.528 - 2(4.80)) 2 - y = 1.033 

Formodel C, (4.891 + 5.434 - 2(4.80)) 2 + y = 1.526 

The minimum occurs when a model B unit is launched.Thus,for m — 2. a unit 
of model B is launched, and Q m = 2. The procedure continues in this way.with 
the results displayed in Table 17.16. 
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TABLE 17.16 Fixed Rate Launching Sequence Obtained for Example 17.9 


i S T* - ~ mT «) 


(2^ 


S 7 * 



Model 


1 4.80 1.008 

2 9 60 2 033 

3 14.40 2.008 

4 19.20 2.296 

5 24.00 2.074 


6 28.80 


1.074 1.402 A 

1.033 1.526 B 

1.705 1.205 C 

1.526 oo 8 

3.008 oo A 

3.000 oo B 


The line balancing algorithms dcscribed in Seclion 17.5 are precise computational proce¬ 
dures that allocatc work elements lo stations based on deterministic quantitative data. 
However. tho designer of u manual assembly line should not overlook ccrtain other factors, 
some of which may improve line performance beyond what the balancing algorithms pro- 
vide. Following are some of the considerations: 


Methods a na lys is. Methods analysis involves the study of human work activity to 
seek out wavs in which the activity can be done with less effort, in less time, and with 
greater effect.This kind of analysis is an obvious step in the design of a manual as¬ 
sembly line. since the work elements need to be de fined to balance the line. In addi¬ 
tion, methods analysis can be used after the line is in operation to examine 
workstations that turn out to be bottlenecks or sources of quality problems. The 
analysis may result in improved hånd and body motions, better workplace layout, 
design of special tools and/or fixlures to facilitate manual work elements, or even 
changes in the product design for easier assembly. (We discuss design for assembly 
in Seclion 17.3.) 

Subdividing work elements. Minimum rational work elements are defined bydivid- 
ing the total work content into small tasks that cannot be subdivided further. Il is 
reasonable to define such tasks in the assembly of a given product, even though ir, 
some cases it may be technically possibie to further subdivide the element. For ex¬ 
ample, suppose a hole is to bc drilled through a rather thick cross-section in one of 
the parts to be assembled. It would normally make sense to define this drilling oper¬ 
ation as a minimum rational work element. However, what if this drilling process 
were the bottleneck station? It might then be argued that the drilling operation should 
be subdivided into two separate steps, which might be performed at two adjacent sta¬ 
tions. This would not only relicve the bottleneck, it would probably inerease the tool 
lives of the drill bits. 

Sharing tvork elements between two adjacent stations, li a particular work element 
results in a bottleneck operation at one station, while the adjacent station has ampie 
idle time. it might be possibie for the element to be shared between the two stations, 
perhaps altematmg every other cycle. 
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Utility morters. We have previouslv mcntioncd ulilily workers in our discussion of 
manning Icvels. Utility »orkere can bc used torelieve congestion at stations that arc 
temporarily overloaded. 

Changing workhead speeds al mechanized stations. At stations in which a mecha¬ 
nized operation is perfomted. such as the drilling step in the previous paragraph, the 
power feed or speed ol the proeess may be inereased or deereased to alter the time 
required to perform the task. Depending on tlie situation, either an inerease or de- 
crease in task time may be beneficial. If the mechanized operation takes loo long, 
then an inerease in speed or feed is indicated. On the other hånd, if the mechanized 
proeess is of relatively shori duration, so that idlc time is associated with the station, 
then a reduction in speed and/or feed may be appropriate. The advaniage of rcduc- 
ing the speed/feed combination is that tool life is inereased. The reverse occurs when 
speed or feed is inereased. Whether speeds and/or feeds are inereased or deereased, 
procedures must be devised for efficicntly changing the tools without causing undue 
downlimc on the line. 

Preassembly of components. To rcducc the total amounl of work done on the regu- 
lar assembly line, certain subassemblies cnn be prepared off-line, eilher by another 
assembly cell in the plant or by purchasing them from an outside vendor that spe- 
cializes in the type of processes required. Although it may seem like simply a means 
of moving the work from one location to another, there are some good reasons for 
organizing assembly operations in this manner (1) The required proeess may be dif- 
ficult to implement on the regular assembly line, (2) task time variability (e.g.. for 
adjuslmcnts or fitting) for the associated assembly operations may result in a longer 
overall cycle lime if done on the regular line. and (3) an assembly cell sel up in the 
plant or a vendor with certain special capabilities to perform the work may be able 
to achieve higher quality. 

Storage buffers between stations. A storage buffer is a location in the production 
line where work units are temporarily stored. Reasons to include one or more stor¬ 
age buflers in a pnxiuction line include: (1) to accumulate work units between two 
stages of the line when their production rates are different. (2) to smooth produc¬ 
tion between stations with large task lime variations, and (3) to permit continued op¬ 
eration of certain sections of the line when other sections are temporarily down for 
service or repair.The use of storage buffere generally improves the performancc of 
the line operation. 

Zoning and other constraints. In addition to precedence constraints, there may be 
other restrictions on the line balancing solution. Zoning constraints impose Imita¬ 
tions on the grouping of work elements and/or their allocation to workstations. Zon¬ 
ing constrainls are of two types: positive and negative. A positive zoning constraint 
means that certain elements should be grouped together at the same workstation if 
possible. bor exampie. spray painting elements should all be grouped together due to 
the need for special enclosures. A negative zoning constraint indicates that certain 
work elements miglit interfere with each other and should therefore not bc located 
near each other. To illustrate, a work element requiring delicate adjustments should 
not be located near an assembly operation in which loud sudden noiscs oeeur, such 
as hammering. Another lunitation on the allocation of work to stations is a position 
constraint. This is encountered in the assembly of large products such as trucks and 
automobiles, which tnake it difficult for one operator to perform tasks on both sides 
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of the product.To facilitate the work, operators are positioned on both sides of the 
assembly line. 

Parallel workstations. Parallel stations are sometimes used to balance a production 
line. Their most obvious appHcation is where a particular station lias an unusually 
long lask time. which would cause the production rate of the line to be less than that 
required to satisfy product demand. In this case, two stations operating in parallel 
and both performing the same long task may eliminate the bottleneck. 


EXAMPLE 17.10 Parallel Stations When One Service Urne is Too Long 

In the planning of a certain production line, a six-station line with one worker 
per station has been designed. Work elements have been allocated to stations 
with resulting service times as follows: 

Station 1 2 3 4 5 6 

Service time (min) 0.93 0.89 0.97 0.88 0.95 1.78 

Repositioning time at each station = 6sec{T r = 0.1 min), (a) Determine the 
production rate and balance efficiency for (a) the current line configuration 
and (b) a revised line configuration that uses two parallel stations in place of cur¬ 
rent station 6. 


Solution: (a) Station 6 is the bottleneck. The cyde time for the line is the longest service 
time plus the repositioning time: 

T, = 1.78 + 0.1 = 1.88 min. 

In the absence of information on line efficiency (assume E = 1.0 for our cal- 
culations), the hourly production rate would be the cycle rate of the line: 

R p = R r = 60/1.88 = 31.9 units/hr 

To compute the balance efficiency, the total work content must be determined. 
This is the sum of the service times at the six stations: 


T„ » 0.93 + 0.89 + 0.97 + 0.88 + 0.95 + 1.78 = 6.40 min. 
Using Eq. (17.16), we can now calculate balance efficiency: 


Ei, 


- = 0.599 = 59.9% 


(b) If parallel stations are used at position 6 in the line, the total number of 
workers increases to seven, but the effective task time at position 6 is reduced 
to 1.78/2 = 0.89 min. Station 3 now becomes the limiting station. The cycle time 
based on station 3 is 


T c = 0.97 + 0.1 = 1.07 min. 

Assuming E = 1.0 as before, the production rate of the reconfigured line would be: 
R p - R c - 60/1.07 = 56.1 units/hr 

For the balance efficiency, the total work content rematns at T m = 6.40 min, 
but the maximum service time T t — 0.97 min, and the number of workers (sta¬ 
tions) w = 7. 
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6.40 

7(0.97) 


0.943 = 94.3% 


Jn somc line balancing problem«, a more equal allocation of work elements to stations 
can be uchic ve ti by urranging ccrtoin stations in parallel. Convcntional line balancing meth- 
ods. such as the largcst candidate rule, Kilbridge and Wester method, and ranked positional 
wcighls method, do not consider the use of parallel workstations. It tums out that the only 
wav to aehieve a perfeet balance in our earlier Example 17.1 is by using parallel stations. 

EXAMPLE 17.11 Parallel Work Stations for Better Line Balance 

Can a perfeet line balance be achieved in our Example 17.1 using parallel stations? 
Solulion: The answer is yes. By using a parallel station configuration to replace positions 
1 and 2. and by reallocating the elements as indicated in Tablc 17.17, a perfeet 
balance can be obtained.Thc solution is illustrated in Figure 17.9. 




(b) 

Figure 17.9 Solution tor Example 17.11 using parallel workstations: 
(a) precedence diagram and (b) workstation layout showing ele¬ 
ment assignmenls. 
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Assignment of Work Elements to Stations for Example 

17.11 Using Parallel Workstations 

Station 

Work Element 

(min) 

Station Time (min) 

1.2* 

1 

0.2 



2 




3 

0.7 



4 

0.1 



8 

o.s 

2.00/2 - 1.00 

3 

5 

0.3 



6 

0.11 



7 

0.32 



9 

0.27 

1.00 


10 

0.38 



11 

0.5 



12 

0.12 

1.00 


'Stations 1 and 2 are in parallel. 


Work conlent lime T*, = 4.0 min as before.To figure the available service time, 
\ve note that there are Iwo convcntional stations (3 and 4) with T, — 1.0 min 
each.The parallel stations (1 and 2) each have service times of 2.0 min, but each 
is working on its own unit of product. so the available service time per unit at 
thc two parallel stations is (2.0 + 2.0)/2 = 2.0 min. Using this reasoning.we 
can compute the balance efficiency as follows: 


2(1.0) + 20 
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PROBLEMS 


Single Model Assembly Lines 

17.1 A product whose work contcnt time = 50 min is to be assembled on a manual production 
line. The required production rate is 30 units/hr. From previous experience with similar 
Products, it is estimated that the manning level will be 1.25. Assume that the proportion up- 
time£ = 1.0 and that the reposilioning time T, = 0. Determine: (a) cycle time and (b) ideal 
minimum number of workers required on the line. (c) If the ideal number in part (b)could 
be aehieved. how many workstations wuuld be needed? 

17.2 A manual assembly line has 15 workstations with one operator per station. Work content time 
to assembie the product = 22 min. The production rate of the line = 35 units/hr. Assume 
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that the proportion uptime £=1.0 and that vepositioning time T, — 6 sec. Determine the 
balance delay. 

17.3 A manual assembly line must be designed for a product with annual demand = 100.000 
units. The line will operate 50 wk/yr, 5 shifts/wk, and 7.5 hr/shifl. Work units will be at- 
tached to a continuously movmg eonveyor. Work content time = 42.0 min. Assume line ef- 
ficiency E — 0.97, balancing efficiency E b = 0.92, and repos i boning time T, = 6 sec. 
Determine: (a) hourly production rate to meet demand and (b) number of workers required. 

17.4 A single model assembly line is being planned to produce a consumer appliance at the rate 
of 200,000 units/yr.The line willbe operatcd 8hr/shift,2shifts/day,5 day/wk, 50 wk/yr. Work 
content tune = 35.0 min. For planning purposes, it is anticipated that the proportion uptime 
on the line will be 95%. Determine: (a) average hourly production rate R f , (b) cycle time T„ 
and (c) theoretical minimum number of workers required on the line. (d) If the balance ef¬ 
ficiency is 0.93 and the reposilioning time = 6sec, how many workers will be required? 

17.5 The required prodnetkm rate = 50 units/hr for a certain product whose assembly work 
content time *» 1.2 hr of direct manual labor. It is to be produced on a production line that 
indudes four automated workstations. Because the automared stations are not completeiy 
reliable.the line will have an expected uptime efficiency = 90%.The remaining manual sla¬ 
tions will each have one worker. It is anticipated that 8% of the cycle time will be lost due 
to reposilioning at the botlleneck station. If the balance delay is expected to be d = 0.07, de¬ 
termine: (a) the cycle time; (b) number of workers; (c) number of workstations nceded for 
the Hne; (d) average manning level on the kne, induding the automated stations; and (c) labor 
efficiency on the line. 

17.6 An overhead continuous eonveyor is used to carry dishwasher base parts along a manual as¬ 
sembly line- The spacing between appliances “ 2.2 m, and the speed of the convey- 
or = 1 m/min.The length of cach workstation is 3.5 m Thcre are a total of 25 stations and 
30 workers on the line. Determine: (a) elapsed time a dishwasher base pari spends on the 
line,(b) feed rate, and (c) tolerance time. 

17.7 A moving belt line is used for a product whose work content = 20 min. Production 
rate = 48 units/hr. Assume that the proportion uptime E = 0.96- The length oi cach sta¬ 
tion - 5 ft and manning level = l.O.Thebelt speed canbeset at any val ue between 1.0 and 
6.0 ft/min. It is expected that the balance delay will be about 0.07 or slightly higher.Time 
lost for reposilioning each cycle is 3 sec. (a) Determine the number of stations needed on 
the line. (b) What would be an appropriate belt speed, spacing between parts, and tolerance 
time for this line? 

17.8 A final assembly plant for a certain automobile model is to have a capacity of 225,000 units 
annually. The plant will operale 50 wk/yr,2 shifts/day, 5 day/wk. and 7.5 hr/shift. It will be 
divided into three departments: (1) body shop, (2) paint shop. (3) trim-chassis-fmal depart- 
ment. The body shop welds the car bodies using robots, and the paint shop coats the bodies. 
Both of these departments are highly automated. Trim-chassis-final has no automation. 
Thete are 15.0 hr of direct labor content on each car in this third department, where CMS are 
moved by a continuous eonveyor. Determine: (a) hourly production rate of the plant and 
(b) number of workers and workstations required in trim-chassis-final if no automated sta¬ 
tions are used. The average manning leve! is 25, balancing efficiency = 90%, proportion 
uptime = 95%, and a repositioning time of 0.15 min is allowed for each worker. 

17.9 In the previous problem, if each workstation is 6.2 m long, and the tolerance time T, = cycle 
time T f , determine the following: <a) speed of the eonveyor, (b) center-to-center spacing be¬ 
tween units on the Hne, (c) total length of the trim-chassis-final line, assuming no vacant space 
between stations, and (d) elapsed time a work unit spends in trim-chassis-final. 

17.10 Ftoduction rate for a certain assembled product is 47.5 units/hr.The assembly work content 
time = 32 min of direct manual labor. The line operates at 95% uptime. Ten workstations 
have two workers on opposite sides of the line so that botb sides of the product can be 
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workcd on simultaneously.The rcinaining stations have one worker. Repositioning time lost 
by each worker is 0 2 nun/eycle. It is known that the number of workcrs on thc line is two 
more Ihan the number required for perfec; balance. Determtne: (a) number of workers, 
(b) number of workstations, (c) balance effieiency. and (d) average manning level. 

17.11 Total work contcnt for a product assembled on a manual production line is 33.0 min. Pro- 
duelitn rate of the line. nnist he 47 umis/hr. Work units are aftached tn a moving conveyor 
whosc speed = 7.5 ft/min. Repositioning time per worker is 6 sec, and uptime effieiency of 
the line is 94%. Bccausc of imperfeet line balancing. the number of workcrs needed on the 
line mxst be four more workers than thc number required for perfeet balance. Assume the 
manning level V# = 1.6. (a) How many workers are required on the line? (b) How tnany 
workstations arc on thc line? (c) What is the balance effieiency for this line? (d) If the work¬ 
stations are arranged in a line. and the length of each station is 11 ft, what is the tolerance 
time tn each station? (e) What is the elapsed time a work unit spends on the line? 

17.12 A manual assembly line is to be designed for a certain major appliance whose assembly 
work contcnt time = 2.0 hr. The line will be designed for an annual production rate of 
150,001 units.The plant will operale one HWir shifl/day. 250 day/yr. A continuousconvey- 
or system will be used, and it will operate at a speed = 1.6 m/min. The line must be de¬ 
signed under the fnltowing assumptions: balance delav * 6.5%, uptime effieiency = 96%. 
reposiiioning time = 6 sec for each worker, and average manning level = 1.25. (a) How 
many workers will be required to operate thc assembly line? If each station is 2.0 m long, 
(b) how long will the production line be. and (c) what is the elapsed time a work unit spends 
on the line? (d) What is thc labor effieiency on the assembly line? 

17.13 The work contcnt for a product assembled on a manual production line is 4« min.The work 
is transported using a continuous overhead conveyor ihat operates at a speed of 5 ft/min. 
There arc 24 workstations on thc line. one (hird of which have two workers; the remaining 
stations cach have one worker. Repositioning time per worker is 9 sec, and uptime effirien- 
cy of the line is 95%. (a) What is the maximum possible hourly production rate if the line is 
assumed to be perfeclly balanced? (b) If the actual production rate is only 92%. of the max- 
imum possible rate determined in part (a). what is ihe balance delay on the line? (c) If the 
line is desigr.ed so Ihat thc tolerance time is 13 times the cyde time, what is the total length 
of the production line, and what is the elapsed time a product spends on the line? 

17.14 A moving belt line is used for a product whose work contcnt time = 33.0 min. Production 
rate = 45 units/hr. The length of cach station = 1.75 m. and manning level » 1.0. It is ex- 
pected that thc balance delay will bc about 0.08 or shghtly higher. Uptime reliability = 96%. 
Time lost for repositioning each eyele is 6 sec. (a) Determine the number of stations need¬ 
ed on ihe line. (b) lf the tolerance time werc 1.5 times the cycle time, determine the belt 
speed and spacing between parts for this line. 

17.15 Work content time for a product assembled on a manual production line is 45.0 min. Pro¬ 
duction rate of the line must bc 40 units/hr. Work units are attached to a moving conveyor 
whosc »peed - 8 ft/min. Repositioning time per worker is 8 sec, uptime effieiency of the line 
is 93%,and manning level = 1.25- Because of imperfeet line balancing, it is expected that the 
number of workers needed on the line wUl be about 10% more than the number required 
for perfeel balance. If ihe workstations are arranged in a line, and the length of each station 
»12 ft. (a) how long is thc entire production line, and (b) what is the elapsed time a work 
unit spends on the line? 


Line Balancing (Single Model Lines) 

17.16 Show that the two statements ot the objective funetio« in single model line balancing in Eq. 
(17.27) are cquivalent. 
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17.17 The tablc below defines the precedence relationships and element times for a new model 
tov. (a) Conslruct ths precedence diagram for this job. (b) If tbe ideal cycle time = 1.1 min, 
repøsitiomng time = 0.1 min. and uptime proportion is assumed to be 1.0, what is ihe the- 
oretical minimum number of workstations required to miniittize the balance delay under 
the assumption that there will be one worker per station? (c) Use the largest candidate rule 
to assign work elements to stations, (d) Computc the balance delay for your solution. 


Work Element T„ (mini Immediate Predecessors 


1 0.5 

2 0.3 1 

3 0.8 1 

4 0.2 2 

5 0.1 2 

6 0.6 3 

7 0.4 4,5 

8 0.5 3,5 

9 0.3 7,8 

10 0.6 6,9 


17.18 Soire Problem 17.17 using the Kilbridge and Wester method in part (c). 

17.19 Soire Problem 17.17 using the ranked posilional weights method in part (c). 

17.20 A manual assembly line is to be designed to make a smal! consumer producl. The work el¬ 
ements, their times, and precedence constraintsare given in the table below.The workers will 
operate the line for 400 min/day and must produce 300 products/day. A mechanized belt 
moving at a speed of 1.25 m/min will transport the products between stations. Because of 
the variahility in the lime required to perform the assembly operations.it has been deter¬ 
mined that the tolerance time should be 1.5 times the cycle time of the line. (a) Determine 
the ideal minimum number of workers on the line. (b) Use the Kilbridge and Wcstcr method 
to balance the line. (c) Compute the balance delay for your solution in part (b). (d) Deter¬ 
mine the spacing between asscmblies on the conveyor and (e) the required length of each 
workstation to meet the specifications for the line. 


Element 

T, (min) 

Preceded By 

Element 

T, (min) 

Preceded By 

1 

0.4 

_ 

6 

0.2 

3 

2 

0.7 

1 

7 

0.3 

4 

3 

0.5 

1 

8 

0.9 

4,9 

4 

0.8 

2 

9 

0.3 

5,6 

5 

1.0 

2.3 

10 

0.5 

7,8 


17.21 Solve Problem 17.20 using the ranked positional weights method in part (b). 

17.22 A manual assembly line operates with a mechanized conveyor. The conveyor moves at a 
speed of 5 ft/min, and the spacing between base parts launched onto tbe line is 4 ft. It has 
been determined that the line operates best when there is one worker per station and each 
station is 6 ft iong. There are 14 work elements that must be accomplished to complete the 
assembly. and the element times and precedence requirements are listed in the table below. 
Determine: (a) feed rate and corresponding cycle time, (b) tolerance time for eaeb worker, 
and (c) ideal minimum number of workers on the line. (d) Draw the precedence diagram for 
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ibe problem, (e) Dctermine an eflicieni line balancing solution, (f) For your solution, de¬ 
termin« ihe balance delay. 


Element 

T, (min) 

Preceded By 

Element 

T„ (min) 

Preceded By: 

! 

0.2 


8 

0.2 

5 

2 

0.5 


9 

0.4 

5 

3 

0.2 

1 

10 

0.3 

6,7 


0.6 

1 

11 

0.1 

9 

5 

0.1 

2 

12 

0.2 

8,10 

6 

0.2 

3,4 

13 

0.1 

11 

7 

0.3 

_ 4 _ 1 

14 

0.3 

12,13 


17.23 A ncw small clcctncal appliance is to he assembled on a single model assembly line.The line 
will bc operatcd 250 day/'yr, IS hr/day. The »ork content has been di vided into work ele¬ 
ments as defined in the lable below Also given are the element times and precedence re- 
quirements. Annual production is to be 200,000 units, lt is anticipated that the line efficiency 
(proportion uptime) E - 0.96. The repositiøning time for each worker is 0.08 min. Deter- 
mine: (a) average hourly production rate. (bl cyde time.and (c) theoretical minimum num- 
ber of workers required to meet annual production requirements. (d) Use one of the line 
balancing algomhms to balance the line. Fot your solution, determine: (e) balance effieien- 
cy and (0 overall labor efficiency on the line. 


Element No. 

Element Description 

T, (min) 

Preceded By 

•1 

Place frame on workholder and clemp 

0.15 


2 

Assemble fan lo motor 

0.37 


3 

Assemble bracket A to frame 

0.21 

1 

4 

Assemble bracket B to frame 

0.21 

1 

5 

Assemble motor to frame 

0.58 

1,2 

6 

Affix msulation to bracket A 

0.12 

3 

7 

Assemble angle plate to bracket A 

0.29 

3 

8 

Affix insulation to bracket B 

0.12 

4 

9 

Attach link bar to motor and bracket B 

0.30 

4,5 

10 

Assemble three wires to motor 

0.45 

5 

11 

Assemble nameplate to housing 

0.18 

- 

12 

Assemble light fixture to housing 

0 ?0 

11 

13 

Assemble blade mechanism to frame 

0.65 

6,7,8,9 

14 

Wire switch, motor, and light 

0.72 

10.12 

15 

Wire blade mechanism to switch 

0.25 

13 

16 

Attach housing over motor 

0.35 

14 

17 

Test blade mechanism, light, etc. 

0.16 

15,16 

18 

Affix instruction label to cover plate 

0.12 

_ 

19 

Assemble grommet to power cord 

0.10 

- 

20 

Assemble cord and grommet to cover plate 

0.23 

18,19 

21 

Assemble power cord leads to switch 

0.40 

17,20 

22 

Assemble cover plate to frame 

0.33 

21 

23 

Final inspect and remove from workholder 

0.25 

22 

24 

Package 

1.75 

23 


Mixed Model Assembly Lines 

17.24 TWo product models, A and 13. are to bc produeed on a mixed model assembly line. Uourly 
production rate and work content time for model A are 12 units/hr and 32.0 min, respeclively; 
and for model B are 20 units/hr and 21.0 min. Line efficiency E = 0.95. balance efficiency 



Chap. 17 / Manual Assembly Lines 


fe'h = 0.93. rcpositioning time T, = 0.10 min. and manning level M = 1. Determioc how 
many workers and workstations must be or the produciion line to produce this workload. 

17.25 Three models. A, B. and C. will be produccd on a mixed model assembly line. Hourly pto- 
d notion rate and work content time for modet A are 10 units/hr and 45.0 min, for model B 
arc 20 units/hr and 35.0 min. and for model C are 30 unils/hr and 25.0 min. Line efficiency 
is 95%, balance efficiency is 0.94, rcpositioning efficiency E, = 0.93, and manning level 
M - 1. Determine how many workers and workstations must be on the production line to 
produce this workload. 

17.26 For Problem 17.24, determine the variable rate launching intervals for models A and B. 

17.27 For Problem 17.25, determine the variable rate launching intervals for models A, B, and C. 

17.28 For Problem 17.24, determine: (a) the fixed rate launching interval and (b) the launch sc- 
quence ol models A and B during 1 hr of production. 

17.29 For Problem 17.25, determine: (a) the fixed rate launching interval and (b) the launch se- 
quencc of models A, B. and C during 1 hr or production. 

17.30 Show thai the lwo statements of the objective funetion in mixed model line balancing in Eq. 
(1731) are equi valent. 

17.31 Two models A and B are lo be assembled on a mixed model line. Hourly production rates 
for the two models are: A, 25 units/hr and B. 18 units/hr.The work elements, element times, 
and precedence requirements are given in the table below. Elements 6 and 8 are not re- 
quired for model A, and elements 4 and 7 are not required for model B. Assume E - 1.0, 
£ = 1.0, and M, = 1. (a) Comtruct the precedence diagram for each model and for both 
models combined into one diagram, (b) Find the theoretical minimum number of worksta¬ 
tions required to achieve the required production rate. (c) Use the Kilbridge and Wester 
method to solve the line balancing problem, (d) Determine the balance efficiency for your 
solution in (c). 


Work Element k 

T»« {min) 

Preceded By 

T, Bk (min) 

Preceded By 

1 

0.5 

_ 

0.5 

_ 

2 

0.3 

1 

0.3 

1 

3 

0.7 

1 

0.8 

1 

4 

0.4 

2 



5 

1.2 

2,3 

1.3 

2,3 

6 



0.4 

3 

7 

0.6 

4,5 

- 

- 

8 

- 

- 

0.7 

5,6 

9 

0.5 

7 

0.5 

8 


4.2 


4.5 



1732 For the data given in previous Problem 1731, solve the mixed model line balancing prob¬ 
lem cxcept use the ranked positional weights method to determine the order of entry of 
work elements. 

17.33 Three models A, B, and C are to be assembled on a mixed model line. Hourly production 
rates for the three models are: A, 15 units/hr; B. 10 units/hr; and C, 5 units/hr.The work el¬ 
ements, element times, and precedence requirements are given in the table below. Assume 
E = 1.0, fc, = 1.0, and M, = 1. (a) Construct the precedence diagram for each model ard 
for all three models combined into one diagram, (b) Find the theoretical minimum number 
of workstations required to achieve the required production rate. (c) Use the Kilbridge and 
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Westermelhod to solve the line balancing problem, (d) Determins the balance efficiency for 
ihc solution in (c). 


Element (min) Preceded By T e „, (min) Preceded By T. c , (min) Preceded By 


1 0.6 

2 0.5 

3 0.9 


5 

6 0.7 

7 1.3 

8 
9 

10 0.8 


4.8 


2 

3 


6,7 


06 - 0.6 

0.5 1 0.5 

0.9 1 0.9 

0.5 1 

0.6 

0.7 2 0.7 

1.3 3 1.3 

0.9 4 

1.2 

0.8 6,7,8 0.B 


6.2 6.6 


17.34 I-'or the data given in previous Problem 17.33, (a) solvc the mixed model line balancing prob¬ 
lem excepl that line efficiency F. = 0 % and repositioning efficiency E, ■= 0.95. (b) Detcr- 
minc the balance efficiency for your solution. 

17.35 For Problem 17.33, determiner (a) the fixed rate launching interval and (b) the launch sc- 
qucnce of models A. B. and C during I hr of production. 

17.36 Ttvo similar models, A and B, are to be produced on a mixed model assembly line.There are 
four workers and four stations on the line (M, = 1 for i » 1, 2, 3. 4). Hourly production 
rates for the two models are: for A. 7 units/hr and for B, 5 units/hr. The work elements, el¬ 
ement times, and precedence requirements for the two models are given in the table below. 
As the table indicates, most elements are common to both models. Element 5 is unique to 
model A,and elements8 and 9 are unique to model B.AssumeE - 1.0 and E, = l,0.(a)De- 
velop the mixed model precedence diagram for the two models and for both models com- 
bined. (b) Determine a line balancing solution thal allows the two models to be produced 
on the four stations at the specified rates, (c) Using your solution from (b), solve the fixed 
rate model launching problem by determining the fixed rate launching interval and con- 
structing a table lo show the sequence of model launchings during the hour. 


Work Element k 

TtM (m in) 

Preceded By 

T, B k (min) 

Preceded By 

2 

1 

3 

1 

1 

3 

1 

3 

4 

1 

4 

1,8 

* 

2 

- 

2 

8 

6 

2 

2,3,4 

2 

2,3,4 

7 

3 

5,6 

3 

6,9 




4 


9 

- 

- 

2 

4 


16 


21 
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The manufacturing systems considered in this chapter are used for high production of parts 
thal require multiple processing operations. Each processing operation is performed at a 
workstation, and the stations are physically integrated by means of a mechanized work 
transport system to form an automated production iine. Machining (milling, drilling, and 
similar rotaiing cutter operations) is a common process performed on these production 
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lines, in which case the term transfer line or transfer machine is used. In our classification 
of manufacturing systems (Section 13.2), transfer lines are type IIIA, case S (fixed rout- 
ing or parts, automated, single model systems). Other applications of automated produc¬ 
tion lines inciude robotic spotwelding in automobile final assembly plants, sheet metal 
pressworking. and clectroplating of metals. Sirailar automated lines are used for assembly 
operations; however, the technology of »iitnmated assembly is sufficiently differe.nt that we 
postpone coverage of this topic until the next chapter. 

Automated production lines require a significant capital invest ment. They are ex- 
ampies of fixed automation (Section 1.3), and it is generally difficult to alter the sequence 
and content of the processing operations once the line is built. Their application is there- 
fore appropriatc only under the following conditions: 

• High product demand, requiring high production quantities. 

• Stable product design. Frequent design changes are difficult to cope with on an au- 
tomated production line. 

• Long product life, at least several years in most cases. 

• Multiple operations are performed on the product during its manufacture. 

When the application satisfies these conditions,automated production lines provide the fol¬ 
lowing benefits: 

• Low direct labor content. 

• Low product cost because cost of fixed equipment is spread over many units. 

• High production Tates. 

• Production lead time (the time between beginning of production and completion of 
a fimshed unit) and work-in-process are minimized. 

• Factory floor space is minimized. 

In this chapter. we examine the technology of automated production lines and deveiop 
several mathematical models that can be used to analyze their operation. 


18.1 FUNDAMENTALS OF AUTOMATED PRODUCTION LINES 


An automated production line consists of multiple workstations that are linked together 
by a work handling system that transfers parts from one station to the next, as depicted in 
Figure 18.1. A raw workpart enters onc end of the line, and the processing steps are 



Elgure 18.1 General configuration of an automated production line. 
Key: Ptoc = processing operation, Aut = automated workstation. 
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performed sequentially as the part progresses forward (from left to right in our drawing). 
The line may include inspection stations to perform intermediate quality checks. Also, 
manual stations may also be located along the line to perform certain operations that are 
difficult or uneconomical to automate. Each station performs a different operation,so that 
the sum total of all the operations is required to complete onc unit of work. Multiple parts 
are proccssed simuitancnusly on Ihe line. one part at each workstation. In the simplest 
form ot production line. Ihc number of paris on the line at any moment is equal to the 
number of workstations, as indicated in our figure. fn more complicated lines, provision is 
made for temporary parts storage between stations, in which case there is on average more 
than one part per station. 

An automated production line operates in cycles, similar io a manual assembly line 
(Chapter 1 ?). Each cycle consists of processing time plus the time lo transfer parts to their 
respective ncxt workstations.The slowest workstation on the line sets the pace of the line, 
just as in an assembly line. In Section 18.3. we develop cquations to dcscribe the cycle time 
performance of the transfer line and similar automated manufacturing systems. 

Depending on workpart geometry. a transfer line may utilize pallet fixtures for part 
handling. A pallet fixture is a workholding device that is designed to (1) fixture the part in 
a prectse location relative to ils base and (2) be moved. located, and accurately clamped in 
position at successive workstations by the transfer system. With the parts accurately lo¬ 
cated on ihc pallet fixture. and the pallet accurately registered at a given workstation, the 
part is therefore itsclf accurately positioned relative to the processing operation performed 
at the station.The location requirement is especially critical in machining operations, where 
tolerances are typically specified in hundredths of a millimeter or thousands of an inch. The 
term palletlzed transfer line is sometimes used to identify a transfer line that uses pallet 
fixtures or similar workholding deviccs.The alternative method of workpart location is to 
simply index the parts themselves from stalion-to-station.This is called a free transfer line, 
whose obvious benefit is that it avoids the cosl of the pallet fixtures. However, certain part 
geometries require the use of pallet fixtures to facilitate handling and ensure accurate lo¬ 
cation at a workstation. When pallct fixtures are used. a means must be provided for them 
to be delivered back to the front of the line for re-use. 


18.1.1 System Configurations 

Although Figure 18.1 shows the flow of work to be in a straight line, the work flow can ac- 
tually take several different forms. We classify them as follows: (1) in-line, (2) segmented 
in-line, and (3) rotary. The in-line configuration consists of a sequence of stations in a 
straight line arrangement, as in Figure 18.1. This configuration is common for machining 
big work pieces, such as automotive engine blocks, engine heads. and transmission cases 
Because the se parts require a large number of operations, a production line with many sta¬ 
tions is needed.The in-line configuration can accommodate a large number of stations. In- 
line systems can also be designed with integrated storage buffers along the flow path 
(Section 18.13). 

The segmented in-line configuration consists of two or more straight-line transfer 
sections, where the segments are usually perpendicular to each other. Figure 18.2 shows sev¬ 
eral possible layouts of the segmented in-line category. There are a number of reasons for 
designing a production line in these configurations rather than in a pure straight line, in- 
cluding: (1) available floor space may limit the length of the line, (2) it allows reorientation 
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Kigurc 18.2 Several possible layouts of the segmented in-line con- 
(igurauon of an automated production line: (a) L-shaped, (b) U- 
shaped, and (c) reclangular. Key: Proc = processing operation, 
Aut = automaied workstation. Wash = work carrier washing 
station. 


of the workpicce to present different surfaces for machining, and (3) the rcctangular lay¬ 
out provides for return of workholding fixtures to the front of the line for reuse. 

Flgure 18.3 shows two transfer lines that perform metal machining operations on a 
truck rear axle housing.The first line, on the bottom right-hand side, is a segmented in- 
line eonfiguralion in the shape of a rectangle. Pallet fixtures are used in this line to posi¬ 
tion the starting caslings at the workstations for machining. The second line, in the upper 
lefl corner. is a convcntional in-line eonfiguralion consisting of seven stations When pro¬ 
cessing on the first line is completed. the parts are manually transfe.rred to the second line. 
where they are reoriented to present different surfaces for machining. In this line, the parts 
are moved by the transfer ncchanism using no padet fixtures. 
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Figure 18.3 Line drawing of two machinmg transfer lines. At bottom right, the 
first is a 12-station segmented in-line configuration that uses pallet fixtures to 
locate the workparts. The return loop brings the pallets back to the front of the 
line. The second transfer line (upper left) is a seven-station in-line conftguration. 
The manual station between the lines is used to reorient the parts. (Courtesy of 
Snyder Con*) 


In the rotary configuration. the workparts are attached to fixtures around the pe- 
riphery of a circular worktablc, and the table is indexed (rotated in fixed angular amounts) 
to present the parts to workstations for processing. A typical arrangement is illustrated in 
Figure 18.4. The worktable is often referred to as a dial, and the equipment is called a dial 
indexing machine, or simply./tufer/ng machlne. Although the rotary configuration does not 
seem to belong to the class of production systems called “lines," their operation is never- 
theless very similar. Compared with the in-line and segmented in-line configurations, ro¬ 
tary indexing systems are commonly Iimited to smaller workparts and fewer workstations; 
and they canrot readily accommodate buffer storage capacity. On the positive side, the ro¬ 
tary system usually involves a less expensive piece of equipment and typically requiresless 
floorspace. 
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puts out 

Figure 18.4 Rolary indexing machinc (dial indexing machine).Key: 

Proe - processing operation. Aut = automated workstalion. 

18.1-2 Workpart Transfer Mechanisms 

The workpart transfer system moves parts between stations on the produclion line. Trans¬ 
fer mechanisms ased on automated production lines are usually either synchronous or 
asynchronoas (Section 17.1.2). Synchronous transfer has been the traditional means of 
moving parts in a transfer line. However. applications of asynchronous transfer systems 
artt inereasing because they provide certain advantages over synchronous parts movement 
[10]: (1) greater flexibiiity. (2) fewer pallel fixtures required, (3) easier to rearrangc or ex- 
pand the production system. These advantages come at higher first cosl. Continuous work 
transpor: systems are uncomnton on automated lines due to the difficulty in providing ac- 
curttle registration between the station workheads and the continuously moving parts. 

In this Section, we divide workpart transfer mechanisms into two categories: (1) lin¬ 
ear transport systems for in-line systems and (2) rotary indexing mechanisms for dial in¬ 
dexing machines. Some of the linear transport systems provide synchronous movement, 
whereas others provide asynchronous motion. The rotary indexing mechanisms all pro¬ 
vide synchronous motion. 

Linear Transfer Systems. Most of the material transport systems dcscribed in 
Chapter 10 provide a lineal motion, and some of these are used for workpart transfer in 
automated production systems. These include powered roller conveyors. belt conveyors, 
chain-driven conveyors, and cart-on-track conveyors (Section 10.4). Figure 18.5 illustrates 



Figure 18.5 Side view of chain or Steel belt driven conveyor (“over- 
and-under” type) for linear workpart transfer using work carriers. 
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the possiblc application of a chain or belt driven conveyor to provide continuous or inter- 
mittent movement of parts between stations. Either a chain or flexible Steel helt is tised to 
transport parts usjng work carricrs attached to the conveyor. The chain is driven by pul- 
Jeys in either an "over-and-under” configuration, in which the pulleys turn about a hori- 
zonial axis. or an “around-the-corner" configuration. in which the pulleys rotate about a 
vertical axis. 

The helt conveyor can also be adapted for asynchronous movement of work units 
using friction between the belt and the part to move parts between stations. The forward mo¬ 
tion of the parts is stopped at each station using pop-up pins or other stopping mechanisms. 

Cari-on-track conveyors provide asynchronous parts movement and are designed to 
position their earls within about ±0.12 mm (±0.005 inch), which is adequate for many pro¬ 
cessing situations. In the other types, provision must be made to stop the workparts and lo- 
cate them within the requircd tolerance at each workstation. Piu-in-hole mechanisms and 
detente deviccs can be used for this purpose. 

Many machining type transfer lines utilize various walking beam transfer systems, in 
which the parts are synchronously lifled up from their respective stations by a transfer 
beam and moved one position ahead to the next station.The transfer beam then lowers the 
parts into nests that position them for processing at their stations. The beam then retracts 
to make ready for the next transfer cycle.The action sequence is depicted in Figure 18.6. 




Motion of 
transfer beam 

Transfer t>c«m 
Fixed station beam 
(3) 



Motion 
ot transfer 



W 


Figure 18.6 Operation of walking beam transfer system: (1) workparts at sta¬ 
tion positions on fixed station beam. (2) transfer beam is raised to lift work¬ 
parts from nests, (3) elevated transfer beam moves parts to next station positions, 
and (4) transfer beam lowers to drop workparts into nests at new station posi¬ 
tions. Transfer beam then retracts to original position shown in (1). 
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Rotary Indexing Mechanisms. Sevcral mechanisms are available lo providc the 
rotational indexing motion rcquired in a dial indexing machinc. Two representative types 
arc explained here: Gcncva mechanism and cam drive. 

The Geneva mechanism uses a continuously rotating driver to index the table through 
a partial rotation,as illustrated in Figure 18.7. If the driven member has six slots for a six- 
station dial indexing table.each tui n of the driver results in 1/6 rotation of the worktfiblc, 
or 60°.The driver only causes motion of the lable through a portion of its own rotation. For 
a six-slotted Geneva. 120° of driver rotation is used lo index the table. The remaining 240° 
of driver rotation is dwell time for the table. during which the processing operation must 
be completed on the work unit. In general. 


0 


360 


wherc 0 = angle of rotation of worktable during indexing (degrees of rotation), and 
«, = number of slots in the Gcneva.The angle of driver rotation during indexing = 20, and 
the angle of driver rotation during which the work table experiences dwell time is (360-20). 
Geneva mechanisms usually have four. fivc. six, or eight slots, which establishes the maxi- 
mum number of workstation positions that can be placed around the periphery of the table. 
Givcu the rotational speed of the driver, we can determine total cycle time as: 


T, 


N 


(18.2) 


where 7) = cycle time (min), and N = rotational speed of driver (rev/min). Of the total 
cycle time. the dwell time, or available operation time per cycle, is given by: 


(180 + 0) 
360jV 


(18.3) 


where T„ - available service or processing time or dwell time (min), and the other terms 
are defined above. Similarly, the indexing time is given by: 


(1 80 - 0) 
360/V 


(18.4) 



figure 18.7 Geneva mechanism with six slots. 
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where T, = indexing time (min). (We have previously referred to this indexing time as the 
repositioning time,so for consistency we retain the same notation.) 


EX AM P LE 18.1 Geneva Mechanism for a Rotary Indexing Table 

A rotary worktable is driven by a Geneva mechanism with six slots, as in Fig¬ 
ure 18.7. The driver rotates at 30 rev/min. Determine the cycle time, available 
process time, and the lost time each cycle indexing the table. 

Solution; With a driver rotational speed of 30 rev/min, the total cycle time is given by 
Eq. (18.2): 


T c - (30)-’ - 0.0333 min - 2.0 sec. 

The angle of rotation of the worktable during indexing for a six-slotted Gene¬ 
va is given by Eq. (18.1): 



Eqs. (18.3) and (18.4) give the available service time and indexing time, re- 
spectively, as-. 


T, = 


(180 + 60) 
360(30) 


= 0.0222 min 


1.333 sec. 


T, 


(180 - 60) 
360(30) 


= 0.0111 min 


0.667 sec. 


Various forms of cam drive mechanisms, one of which is illustrated in Figure 18.8, are 
used lo provide an accurate and reiiable method of indexing a rotary dial table. Although 
a relatively expensive drive mechanism, its advantage is that the cam can be designed to 
provide a variety of velocity and dwell characteristics. 



& 


Figure 18.8 Cam mechanism to drive dial 
indexing table (reprinted from [1]). 
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18.1.3 Storage Buffers 

Automated production lines can be designed with storage buffers. A storage buffer in a 
production line is a location where parts can bc collected and temporarily stored before pro- 
ceeding to subsequent (downstream) workstations.The storage buffers can be manually Op¬ 
erared nr automated. When antomated. a storage buffer cnnsists nf a mechanism to accept 
parts from the upstream workstation, a place to store the parts, and a mechanism to sup- 
ply parts to the downstteam station. A key parameter of a storage buffer is its storage ca- 
pacity, that is, the number of workparts it is capable of holding. Storage buffers may be 
located between every pair of adjacent stations or between line stages containing multiple 
stations. We illustrate the case of onc storage buffer between two stages in Figurc 18.9. 

There are a number of reasons why storage buffers are used on automated produc¬ 
tion lines. The reasons include: 

• To reduce the effeet of station breakdowns. Storage buffers between stages on a pro¬ 
duction line permil onc stage to continue operation while the other stage is down for 
repairs. Wc analyze this issue in Section 18.4. 

• To provide a bank of parts to supply the line Parts can be collected into a Storage 
unit and automatically fed to a downstream manufacturing system.This permits un- 
tended operation of the system between icfills. 

• To provide a place to put the output of the line. This is the opposite of the pre- 
ccding case. 

• To allowfor curing time or other required delay. A curing or setting time is required 
for tome processes such as painting or adhesive application.The storage buffer is de • 
signed to provide sufficient time for the curing to occur before supplying the parts to 
the downstream station. 

• To smooth cycle time variations. Although this is generally not an issue in an auto- 
maled line, it is relevant in manual production lines, where cycle time variations are 
an inherent feature of human performance. 

Storage buffers are more rcadilv accommodated in the design of an in-line transfer 
madline than a rotary indexing ntachine. In the latter case, buffers are sometirnes located 
(1) before a dial indexing system to provide a bank of raw starting workparts. (2) follow- 
ing the dial indexing machine to accept the output of the system, or (3) between pairs of 
adjacent dial indexing machines. 

18.1.4 Control of the Production Line 

Conuolling an automated production line is complex because of the sheer number of se- 
quential and simullaneous activities that must be accomplished during operation of the 





Figure 18.9 Storage buffer between two stages of a production line. 
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line. In this Section. we discuss (1) the basic controi functions that are accomplished to run 
the line and (2) the characteristics of controllers used on automated lines. 

Control Functions. Three basic controi functions can be distinguished in the oper¬ 
ation of an automatk transfer machine. One is an operational requirement, the second is a 
safety requirement. and the third is for quality controi.The three basic controi functions are: 

1. Sequence controi. The purpose of this funetion is to coordinate the sequence of ac¬ 
tions of the transfer system and associated workstations. The various activities of the 
produclion line must be carricd out with split-second timing and accuracy. On a trans¬ 
fer line, for example. the parts must be relcascd from their current workstations, trans¬ 
ported, located, and clamped into position at their respective next stations; then the 
workheads must be actuated lo begin their feed cycles;and so on.Sequence controi 
is basic to the operation of an automated production line. 

2. Safety monitoring. This funetion ensures that the production line does not operate 
in an unsafe condfåon. Safety applies to both the human workers in the area as well 
as the equipment itsclt Additional sensors must he incorporated into the line beyond 
those required for sequence controi to complete the safety feedback loop and avoid 
hazardous operation. For example, interlocks must be installed to prevent the equip¬ 
ment from operating when workers are performing maintenance or other duties on 
the line. In the case of machining transfer lines, cutting tools must be monitored for 
breakage and/or excessive wear to prevent feeding a defeetive cutter into the work. 
A more complete treatment of safety monitoring in manufacturing systems is pre¬ 
sented in Section 3.2.1. 

3. Qualtty controi In this controi funetion,certain quality attributes of the workparts are 
monitored.The purpose is to detect and possibly reject defeetive work units produced 
on the line. The inspection devices required to accomplish quality controi are some- 
times incorporated into existing processing stations In other cases, separate inspection 
stations are included in the line for the sole purpose of checking the desired quality 
characteristic. We discuss quality inspection principles and practices in production sys¬ 
tems as well as the associated inspection technologies in Chapters 22 and 23. 

When a defeet is encountered during quality controi inspection. the question arises as 
to what action should be taken to deal with the problem. One possible action is to stop the 
production line immediately and remove the defeet.The trouble with stopping the line is that 
production time is lost. An alternative action is to continue to operate. but to lock out the 
affeeted work unit from further processing as it proceeds through the sequence of stations. 
This keeps the line producing but requires a more sophisticated level of controi over the 
equipment. The same question of whether to interrupt or continue operation of the line ans¬ 
es in sequence controi and safety monitoring. but answering the question is usually more 
straightforward in these modes of controi. For example, when a workstation feed mecha- 
nism jams, interlocks prevent continuation of the line operation, and a line stop occurs thal 
must be repaired. If a life-threatening safety violation occurs, the line must be stopped im¬ 
mediately. It on the other hånd, a minor safety problem occurs, such as detection of wom cut¬ 
ter that will last only a few more cycles, then a more reasonable action might be to wait until 
a forced line stop occurs and use ihat as the opportunity to replace the tool. 

Let us refer to the two alternatives of immediately stopping the line or continuing to 
operate as instantaneous controi and memory controi. They are auxiiiary controi functions 
imbedded within the three basic functions. 
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1. Instantaneous cøniro/.This control mode stops the line immediately when a defect 
01 malfunction is detecled.This reaction to a problem is the simplest, most reliable, 
and casicst to implement. However, as our analysis in Section 18.3 shows, downtime 
on a production line can be very costly. Diagnostic features can be added to aid in 
identtfying the location and cause of the problem so that repairs can be made in the 
minimum possible time. Instantaneous control is appropriate for serious safety prob¬ 
lems and for malfunctions in sequence control that repeat every cycle. 

2. Memory control. In contrast to instantaneous control, memory control is designed to 
keep the line running. If the problem is associated with a particular work unit (e.g., 
a defeetive part is detected), memory control prevents subsequent stations from pro¬ 
cessing the particular unit as it moves toward the end of the line. When the part reach- 
es the last station.it is separated from the rest of the good parts produced.This usually 
requires that the final station on the line be a sortation station that is controlled by 
the memory controller. 

Memory control is based on the premise that malfunctions occurring on the line are 
random and infrequent. On the other hånd, if the malfunctions are systematic and repeti- 
tive <e.g., a workhead that hasgone out of alignment), memory control will not improve per- 
formance but will instead degrade it.The line will continue to operate, with the cnnsequence 
that bad parts will continue to be produced.To address this issue, a counter can be added 
to the control logic to count the number of consecutive failures and stop the machine for 
repairs after the count reaches a certain critical value. 

Line Controllers. For many ycars, the traditional equipment used to control the 
sequence of steps on automated production lines were electromechanical relays. Since the 
1970s. programmable logic controllers (PLCs, Chapter 8) have been used as the controllers 
in new installations. More recently, personal computers (PCs) are being used to accom- 
plish the control funetions to operate automated production lines [11). In addition to being 
more reliable, computer control offers the following benefits: 

1. Opportunity to improve and upgrade the control software, such as adding specific 
control funetions not anticipated in the original system design. 

2. Recording of data on process performancc, equipment rcliability, and producL qual- 
ity for subsequent analysis. In some cases, product quality records must be maintained 
for legal reasons. 

3. Diagnostic routines to expedite maintenance and repair when line breakdowns occur 
and to reduce Ihe duration of downtime incidents. 

4. Automatic generation ofpreventive maintenance schedules indicating when certain 
preventive maintenance activitics sbould be performed.This helps to reduce the fre- 
quency of downtime occurrences. 

5. Provides a more convenient human machine interface between the operator and the 
automated line. 

18.2 APPLICATIONS OF AUTOMATED PRODUCTION LINES 

Automated production lines are applied in processing operations as well as assembly. We 
discuss automated assembly systems in Chapter 19. Machining is one of the most common 
processing applications and is the focus of most of our discussion in this section. Other 
processes performed on automated production lines and similar systems indude sheet 
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metal forning and cutting. rolling mili operations, s pot wetdingof automobile car bodies, 
and painting and plating operations. 


18.2.1 Machining Systems 

Many applications of machining transfer madiines, both in-line and rotary eonfigurations, 
are found in the automotive industry to produce engine and drivetrain components. In 
faet, the first transfer lines can be traced to the automobile industry (Hislorical Note 18.1). 
Machining operations commonly performed on transfer lines include milling, drilling, ream- 
ing, tapping,grinding,and similar rotational cutting tool operations. Provision can be made 
to perform tuming and boring on transfer lines, but these applications are less prevalent. 
In this chapter. we discuss the various multiple station machining systems. 


Historical Note 18.1 Transfer lines [15]. 

Devdopmcnt of automated transfer lines is traced principally to the automobile industry. 
which had become the largesi mass prrntiirtion industry in the United States by the early 1920s. 
with a similar trend in Europe. The I'ord Motor Co. had pioncercd the devdopmcnt of the 
moving assemhly line, bul the operations performed on these lines were manual. Attempts 
were being made to extend the principlc of manual assembly lines by budding lines capablc ol 
automatic or scmiautomatic operation.The first futly automatic production line is credited to 
L. R. Smith ol Milwaukcc. Wisconsin during 1919 and 1920. This line produced automobile 
chassis frames out of shcct metal, using air-powered riveting heads that rotated into position 
at each station to engage the workpart.The line performed a total ot 550 operations or. cach 
frame and was capable of producing over a million chassis frames per year. 

The first metal machining multi-siation line was developed by Archdale Co. in England 
for Morris Engincs Ud. in 192.1 to machine automobile engine blæks It had 53 stations, per¬ 
formed 224 min of machining on each part. and had a production rate of 15 Mocks/hr. It was 
not a true automatic line bccause il rcquired manual transfer of work between stations Yet it 
stands as an important forerunner of the automated transfer line. 

The first machining line lo use automatic work transfer between stations was built by 
Archdale Company for Morris Engincs in 1924. The two companies had obviously benefited 
from their previous collaborations-This line performed 45 machining operations on gearbox- 
es and produced at the rate ol 17 unils/hr. Relialiility problems caused this first transfer line 
to be less than completely successf j1. 


Transfer Lines. In a transfer line, the workstations containing machining work- 
heads are arranged in an in-line or segmented in-line configuration, and the parts are 
moved between stations by transfer mechanisms such as the walking beam system (Sec- 
tion 18.1.2). It is the most highly automated and productive system in terms of the nutn- 
ber of operations that can bc performed to accommodate complex work geometries 
and the rates of production thal can be achieved. It is also the most expensive of the sys¬ 
tems discussed in this chapter. Machining type transfer lines are pictured in Figure 18,3. 
The transfer line can include a large number of workstations, but the reliability of the 
system Uetreascs as the number of stations is inereased. (We discuss this fssue in Sec- 
tion 18.3.) Among the variations in features and options found in transfer lines are the 
following: 
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• Workpart transport can bc synchronous or asynchronous. 

• Workparis can bc transported with or without palle! fixlures, depending on part geom - 
etry and ease of handling. 

• A vane tv of monitorine and conlrol features can be includcd to manage the line. 


In recent years. transrer lines have been designed for e;ise of changeover to allow differ- 
ent but ruiatod workparts to be prudueed on the same line [10]. [12].|13].The workstations 
oh lliesc lines consist of a combinaiion of fixed tooling and CNC machines. so that the dif¬ 
ferences in product can 1te accommodated by the CNC stations, while the common oper¬ 
ations are performed by the stations with fixed tooling. Thus, vve see a trend in transfer 
lines in the dircclion of flexible manufacturing systems (Chapter 16). 

Rotary Transfer Machines and Relaled Systems. A rotary transfer machine con- 
sists of a horisontal circular worktable,on which arc fixtured the workparts to be processed, 
and around whose periphery are loealed stationary workheads, The worktable is indexed 
to present each workpart to cach workhead to accomplish the sequencc of machining op¬ 
erations. An example is shown in Figure IH. 10. Compared with a transfer line. the rotary in- 
dexing machine is limited to smaller and lighter workparts and fewer workstations. 

Two variants of Ihe rotary transfer machine are the center column machine and the 
trunnion machine. In the center column machine. vertica! machining heads are mounted 
on a center column in addition to the stationary machining heads located on the outside 
of the horizontal worktable, thereby inereasing the number of machining operations that 
can be performed. The center column machine, pictured in Figure 18.11, is considered lo 
be a high production machine that makes cfficiem use of fioor Space. The trunnion machine 
gels ils name from a vertically orienied worktable. or trunnion. lo which workholders are 
attached to fixture the parts for machining. Since the trunnion indexcs around a horizon¬ 
tal axis. this provides the oppoi tunily lo perform machining operations on opposite sides 
of the workpart. Additional workheads can be loealed around the periphery of the trun¬ 
nion lo inerease the number of machining directions. Trunnion machines are most suitablc 
lor smaller workparts than the other rotary machines discussed here. 



ntal spiudle 

.ils (4) 


f igure 18.16 Plan view of a rotary transfer machine. 
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18.2.2 System Design Considerations 

For most companies that use automated production lines and related systems, the design 
of the system is tumed over to a machine tool builder that specializes in this type of equip- 
ment. l'he customer (the company purchasing the equipment) must develop specifications 
that include design drawings of the part to be machined and the required production rate 
of the line that will produce them.Typically, several machine tool builders are invited to sub- 
mit proposals. Each proposal is based on the machinery components comprising the 
builder’s product line as well as the ingenuity of the engineer preparing the proposal. The 
proposed line consists of standard workheads, spindles, feed units, drive motors, transfer 
mechanisms, bases, and other standard components, all synthesized into a special configu- 
ration to match the machining requirements of the customer’s particular part. Examples of 
these standard components are illustrated in Figures 18.12 and 18.13. The Controls for the 
system are either designed by the machine builder or sublet as a separate contract to a 




Figure 18.12 Standard feed units used with in-line nr rotary trans¬ 
fer machines: (a) horizontal feed drive unit, (b) angular feed drive 
unit, and (c) vertical column unit. 
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Figure 18.13 Standard milling head unit. This unit attaches to the 
feed drive units in Figure 18.12. 


Controls specialist. Transfer lines and indexing machines constructed using this huilding- 
block approach are sometimes referred to as unitized production lines. 

An alternative approach in designing an automated line is to use standard machine 
tools and to connect them with standard or special material handling devices.The mater- 
ial handling hardware serves as the transfer system that moves work between the standard 
machines. The term link line is sometimes used in connection with this type of construc- 
tion. In some cases the individual machines are manually operated if there are fixturing and 
location problems at the stations that are difficult to solve without human assistance. 

A company often prefers to develop a link line rather than a unitized production line 
because it can utilize existing equipment in the plant.This usually means the production 
line can be installed sooner and at lower cost. Sirce the machine tools in the system are stan¬ 
dard, they can be reused when the production run is finished. Also, the lines can be engi- 
neered by personnel within the company rather than relying on outside contractors. The 
limitation of the link line is that it tends to favor simpler part shapes and therefore fewer 
operations and workstations. Unitized lines are generally capable of higher production 
rates and require less floor space. However, their high cost makes them suitable onlv for 
very long production runs on products that are not subject to frequent design changes. 


18.3 ANALYSIS OF TRANSFER LINES WITH NO INTERNAL STORAGE 

In the analysis of automated production lines, two generai problem areas must be ad- 
dressed: (1) process technology and (2) systems technology. Process technology refers to 
a body of knowledge about the theory and principles of the particular manufacturing 
processes used on the production line. For example, in the machining process. process tech¬ 
nology includes the metallurgy and machinability of the work material, the proper appli- 
cation of cutting tools, chip Control, machining economics, machine tool vibrations, and a 
host of other problem areas and issues. Many of the problems encountered in machining 
can be solved by direct application of good machining principles The same is true of other 
processes In each process, a technology has been developed over many years of research 
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and practice. By making use of this technology. each individual workstation in the pro- 
duction line can be designed to operate at or near ics maximum performance. However. even 
if each station performance could be optimued, there stiil remain I arger systems issues 
that must be analyzed. 

It is with this viewpoint of the largcr system that we identifv the second problem 
area. Two aspects of this problem stand out. The first is the line balancing problem. Al- 
though this problem is normally associated with the design of manual assembly lines (Sec- 
tion 17.4.2), it is also a problem on automated production lines. Somehow, the total 
machining work ihat must be accomplished on the automated line must be divided as even- 
ly as possible among the workstations.The solution to this problem on a machining trans¬ 
fer line is usualK dominated by technological considerations (precedence constraints,as we 
called them in Chapter 17). Certain machining operations must be performed before oth- 
ers (e.g ., drilling must precede tapping), and the element limes are determined by the cycle 
time required to accomplish the given machining operation at a station. These two factors 
make the line balancing problem less of an issue on a machining type production line than 
it is in manual assembly, where the total work content can be divided into mueh smaller 
work elements,and the possible permutations on the order in which the elements can be 
performed is mueh greater. 

The second and more critical systems problem in automated production line design 
is the reliabilliy problem In a highly complex and integrated system such as an automat¬ 
ed production line. failure of any one component can stop the entire system. It is this prob¬ 
lem of how line performance is affecled by reliability that we consider in this section. 

18.3.1 Basic Terminology and Performance Measures 

Our terminolog) borrows definitions and symbols from the previous chapter on manual as¬ 
sembly lines. We make the following assumptions about the operation of the transfer lines 
and rotary jndexing machines: (1) The workstations perform processing operations, such 
as machining, not assembly; (2) processing times at each station are constant. though not 
necessarily equal; (3) synchronous transfer of parts; and (4) no internal storage buffers. In 
Section 18.4, we consider aulomated production lines with inlernal storage buffers. 

In the operation of an automated production line. parts are introduced into the first 
workstation and are processed and transported at regular intervals to succeeding stations. 
This interval defines the ideal cycle time T, of the production line. 7j. is the processing lime 
for the slowest station on the line plus the transfer time; thal is, 

T, = Max{T„} + T, (18.5) 

where T c - ideal cycle time on the line (min); T„ = the processing time at station i (min); 
and T r - repositioning time, called the transfer time here (min). We use the Max{7„} in 
Eq. (18.5) because this longest service time establishes the pace of the production line. The 
remaining stations with smaller service times must wait for the slowest station. Thereforc, 
these other stations will experience idle time.The situation is the same as for a manual as¬ 
sembly line depicted in Figure 17.4. 

In the operation of a transfer line, random breakdowns and planned stoppages cause 
downtime on the line. Common reasons for downtimc cm an automated production line are 
listed in Table 18.1. Although the breakdowns and line stoppages occur randomly, their fre- 
quency can be measured over the long run. When the line stops, it is down a certain average 
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TABLÉ 18.1 Common Reasons for Downtime on an Automated 
Production Line 


• Tool failuresat workstations 

• Tool adjustments at workstations 

• Scheduled tool changes 

• I imit switch or other elentrinal malfunctions 

• Mechanical failure of a workstation 

• Mechanical failure of the transfer system 
- Stockouts of starting work units 

• Insufficient space for completed parts 

• Preventive maintenance on the line 

• Wcrker breaks 


time for eacfc downtime occurrence.Thcsc downtime occurrences cause the actual average 
produclion cycle time of the line to be longer than the ideal cycle time given by Eq. (18.5). 
We can formulale the following expression for the actual average production time T p : 

T r = T f + n„ (18.6) 

where F = downtime frequency. line stops/cycle; and T d = downtime per line stop, min. 
The downtime T lt includes the time for the repair crew to swing into action, diagnose the 
cause of the failure. fix it, and restart the line. Thus, FT d = downtime averaged on a per 
cycle basis. 

One of the important measures of performance on an automated transfer line is pro¬ 
duction ratc.which can be computed as the reeiprocal of T p : 

K,-J <18.7) 

where R p = actual average production rate (pc/min), and T„ is the actual average pro¬ 
duction lime from Eq. (18.6) (min). Il is of interest to compare this rate with the ideal pro¬ 
duction rate given by 


K, - jr <!*.») 

where R, = ideal production rate (pc/min). It is customary to express production rates on 
automated production lines as hourly rates (multiply the rates in Eqs. (18.7) and (18.8) by 60). 

The machine tool buildcr uses the ideal production rate R, in its proposal for the au¬ 
tomated transrer line and speaks of it as the production rate at 100% efficiency. Unfortu- 
nately, because of downtime. the line will not operate at 100% efficiency. While it may seem 
deceitful for the machine tool builder to ignore the effeet of line downtime on production 
rate. it should bc stated that the amount of downtime experienced on the line is mostly the 
rcsponsibility of the company using the production line In practice, most of the reasons for 
downtime occurrences in Table 18.1 represent factors that must be conlrolled and man- 
aged by the user company. 

In the context of automated production systems, line efficiency refers to the pro- 
poition of uplime on the line and is really a measure of reliability more than efficiency. 
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Nevertheless. this is ihe tcrminology of production lines- Line efficiency can be calculat- 
cd as follows: 


<18.9) 


whcre £ = the proportion of uptime on the production line, and the other terms have 
bccn previously defined 

An alternative measurc of performancc is the proportion of downtime on the line, 
which is given by 


wherc D = proportion of downtime on the line. It is obvious that 


£ 


D = 1.0 


(18.10) 


(18.11) 


An important economic mensiire of pcrformaneeof an automated production line is 
the cost per unit produced.This piece cost indudes the cost of the starting blank that is to 
be processed on the line, the cost of time on the production line, and the cost of any tool- 
ing that is consumcd (e.g., cutting tools on a machining line). The piece cost can be ex- 
pressed as the sum of these three factors: 

C,* = C m + CJ, + C, (18.12) 

where = cost per piece ($/pc); C„ = cost of starting material ($/pc); C 0 - cost per 
minute to operate the linc($/iiiin);7', 1 = average production time per piece (min/pc);and 
C, = cost of tooling per piece ($/pc). C„ includes the allocation of the Capital cost of the 
equipment over its expected service life, labor to operate the line, applicable overheads, 
maintenance, and other relevant costs. all reduced to a cost per minute (see Section 2.5.3). 

Eq. (18.12) does not include factors such as scrap rates, inspection costs, and rework 
costs associaled with fixing defeetive work units. These factors can usually be incorporat- 
ed into the unit piece cost in a fairly straightforward way. 

EXAMPLE 18.2 Transfer Line Performance 

A 20-station transfer line is being proposed to machine a certain component cur- 
rently produced by conventional methods. The proposal received from the ma¬ 
chine tool builder states Ihat the line will operate at a production rate of 50 pc/hr 
at 100% efficiency. From similar transfer lines, it is estimated that breakdowns 
of all types will occur with a frequency F = 0.10 breakdown per cycle and that 
the average downtime per line stop will be 8.0 min. The starting casting that is 
mach i ned on the line costs $3.00 per part. The line operates at a cost of 
$75.00/hr.The 20 cutting tools (one tool per station) last for 50 parts each, and 
the average cost pier tool = $2.00 per cuttingedge Based on this data, compute 
the following: (a) production rate, (b) line efficiency, and (c) cost per unit piece 
produced on the line. 
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Solution: (a) At 100% cfficicncy. the line produces 50 pc/hr.The reciproca! gives Ihe unit 
time, or ideal cycle time per piece: 

1. - * 0.02 hr/pc - 1.2 min. 

The average production time per piece is given hy Fq. (18.6): 

T p ~T t + FT d = 1.2 + 0.10(8.0) = 1.2 + 0.8 = 2.0 min/pc. 
Production rate is the reciprocal of production time per piece: 

R, = jp = 0 500 pc/min = 30.0 pc/hr. 

F.fficicncy is the ratio of ideal cycle time to actual average production time. by 
Eq. (18.9): 

F. = ^ = 0.60 = 60% 

Finally. for the cost per picce produced, we uced the tooling cost per piece. 
which is computed as follows: 

C, = (20 tools)($2/tool)/(50 parts) = $0.80/pc 
Now the unit cost can hc calculated by Eq. (18.12).The hourly rate of $75/hr 
to operate the line is equivalent to $1.25/min. 

Cp *= 3.00 i 1.25(2.0) + 0.80 = $6J0/pc. 


18.3.2 Workstation Breakdown Analysis 

Line downtime is usually assooiated with failures at individual workstations. Many of the 
reasons for downtime listed in Table 18.1 represent malfunctions that cause a single station 
to stop production, Since all workstations on an automated production line without inter¬ 
nal storage are interdependent, the failure of one station causes the entire line to stop. 

Let us consider what Kappens when a workstation breaks down.There are two pos- 
sibilities. in terms of whether a workpart at a station is removed from the line when a break¬ 
down occurs and the resulting effeet that this has on the line operation. We refer to the 
analyses of these two possibilities as the upper-bound approach and the lower-bound ap¬ 
proach. In the upper-bound approach, the workstation malfunction has no effeet on the part 
at that station, and therefore the part remains on the line for subsequent processing at the 
remaining stations.The upper-bound case applies in situations such as minor electrical or 
mechanical failures at stations, tool changes due to worn cutters, tool adjustments, pre- 
ventive maintenance at stations, and so on. In these cases, the workpart is unaffeeted by Ihe 
station malfunction. and there is no reason to remove the part. In the lower-bound ap¬ 
proach, the station malfunction results in damage to the part, and it must therefore be re¬ 
moved from the line and is not available to be processed at subsequent workstations. The 
lower-bound case arises when a drill or tap breaks in the part during processing, which re¬ 
sults in damage to the part. The. hroken tool must be rcplaced at the workstation, and the 
part musl be removed from the line and cannot proceed to the next stations for addition¬ 
al processing. 
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Upper-Bound Approach. The upper-bound approach provides an upper limit on 
the frequency of line stops per cycle. In this approach, we assume that the part remains on 
the line for further processing. It is therefore possible that therc will be more than one line 
stop associated with a given part during its sequence of processing operations. Let 

p, = prohability or frequency of a failure at station /, where i = 1,2. n. Since a part is 

not removed front the line »hen a station jam occurs. it is possible (although not probable. 
thank goodness) thai the part will be associated with a station breakdown at every station. 
The expected nurnber of line stops per pari passing through the line is obtained by mere¬ 
ly summing the frcquencies p , over the n stations. Since each of the n stations is process¬ 
ing a part cach cycle. then the expected frequency of line stops per cycle is equa) to the 
expected frequency of line stops per part; that is, 

*=£#>, (18.13) 

where F — expected frequency of line stops per cycle, first encountered in Eq. (18.6); 
p, = frequency of station breakdown per cycle, causing a line stop; and n = number of 
workstations on the line. If all p, are assumed equal, which is unlikely but useful for ap- 
proximation and computation purposes, then 

F = np (18.14) 

where all p, are equal, p x - fa - ... = p n = p. 

Lower-Bound Approach. The lower-bound approach gives an estimate of the 
lower limit on the expected frequency of line stops per cycle. In this approach, we assume 
that a station breakdown results in destruction of the part, resulting in its removal from the 
line and preventing its subsequent processing at the remaining workstations. 

Again let p, = the probability that a workpart will jam at a particular station /.Then, 
considering a given part as it proceeds through the line, = probability that the part wiil 
jam at station 1, and (l - pi) = probability that the part will not jam at station 1 and will 
thus be available for processing at subsequent stations. A jam at station 2 is contingent on 
successfully making it through station 1 and therefore the probability that this same part 
will jam at station 2 is given by p 2 ( 1 - p,). (Jeneralizing, the quantity 

Pi 0 - A-i)0 - R- 2 M 1 - ft)0 - p) where / = 1,2. n 

is the probability that the given part will jam at any station /. Summing all these probabil- 
ities from / = 1 through i = n gives the probability or frequency of line stops per cycle. For- 
tunatcly there is an easier way to determine this frequency by taking note of the faet that 
the probability that a given part will pass through all n stations without a line stop is 


ft(l-R) 

Therefore, the frequency of line stops per cyde is 

F = i - jftd - a) 


(18.15) 
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If all probabilities p, are equal. p. = p. then 

F = I - (I - pf (18-16) 

Bccausc ol parts removal in the lower-bound approach, the number of parts Corn¬ 
ing off the line is less than the number launched onto the front of the line. Thcrcforc, the 
production rate formula must be amended to rcflecl this reduction in output. Given that 
F — frequency of line stops and a part is removed for every line stop, then the propor¬ 
tion of parts removed from the line is F. Accordingly, the proportion of parts produced 
is (1 - D.This is the yield of the production line The production rate equation becomes 
the following: 



where R ap = the average actual production rate of acceptable parts from the line; T p = the 
average cycle rate of the transfer machine. given by Eq. (18.6). R p , which is the reciprocal 
of T p , is the average cycle rate or the system. 

EXAMPLE 18.3 Upper-Bmind vs. I.ower-Bound Approadies 

A 20-station transfer line has an ideal cycle time T. = 1.2 min. The probabili- 
ty of station breakdowns per cycle is equal for at! stations, and p = 0.005 break- 
downs/cycle. For eacli of the upper-bound and lower-bound approaches, 
determine (a) frequency of line stops per cycle. (b) average actual production 
rate, and (c) line efficiency. 

Solution: (a) For the upper-bound approach, using Eq. (18.14), 

F - 20(0.005) = 0.10 line stops per cyele 

This is the same value we used in Example 18.2. For the lower-bound approach, 
using Eq. (18.16), 

F = 1 - (1 - 0.005) w = 1 - (0.995) 20 = 1 - 0.0.9046 = 0.0954 line stops per cycle 

(b) For the upper-bound approach, the production rate is calculated in Exair- 
plc 18.2 tobe 

R p = 30.0 pc/hr. 

For the lower-bound approach, we must calculate T p using the new value of F. 

T p = 1.2 + 0.0954(0.8) = 1.9631 min. 

Now jsing Eq. (18.17) to compute production rate, we have 
„ 0.9046 

Ra P = Yv, 3 f = 0.4608 pc/min. = 27.65 pc/hr. 

This production rate is about 8% lower than we computed by the upper-bound 
approach. Note that the cycle rate 

R p = (1.9631) 1 = 0.5094 cycles/min. = 30.56 cycles/hr 
is slightly higher than in the upper-bound case. 
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(c) For the uppcr-bound approach, the line efficiency was computed in 
Example 18.2 to be 


E 


= 0.60 = 607c 


For the lowcr-bound approach, we have 


E - 


1.2 

1.9631 


= 0.6113 = 61.13% 


Line efficiency is greater with the lower-bound approach, evcn though pro- 
duction rate is lower. The reason for this apparent anomaly is that the lower- 
bound approach, with its assumption of parts removal, leaves fewer parts 
rcmaining on the line to jam subsequent workstations. With fewer station jams, 
line efficiency is htgher. However, fewer parts remaining on the line means pro- 
duction rate is lower. 


18.3.3 What the Equations Tell Us 

The upper-bound and lower-bound approaches provide upper and lower limits on the fre- 
quency of downtime occurrenccs. However, as illustrated by Example 18.3,they also pro¬ 
vide upper and lower boundaries on production rate, under the circumstances of part removal 
in the lower-bound case and assuming that station breakdowns are the sole cause of scrap. 
Of course, there may be other causes of scrap, such as poor quality starting workparts. 

Determining whether the upper-bound or lower-bound approach is more appropri- 
atc for a particular transfer line requires knowledge of the line operation. It is likely that 
the true line operation lies somewhere between these two extreme assumptions, that is, 
that some line stops require removal of parts while other line stops do not. In this case, the 
true values of breakdown frequency and production rate will lie somewhere between the 
values given by the respectivc upper-bound and lower-bound equations. 

There are reasons why line stops occur that are not direetly related to workstations. 
Some of these reasons are listed in Table 18.1 (e.g. .transfer system failure, worker breaks, 
and stockout of starting parts). '! hese other factors must be taken into account when de¬ 
termining line performance. 

Perhaps the biggest difficulty in the practical use of the equations in this section is 
in determining the values of p, for the various workstations. We may be using the equa¬ 
tions to predict performance for a proposed transfer line, and yet we do not know the crit- 
ical reliability factors for the individual stations on the line. The most reasonable approach 
is to base the values of p,- on previous experience and historical data for similar work¬ 
stations. 

Notwithstanding the preceding considerations, there are a number of general truths 
that are revealed by the equations in this section about the operation of automated trans¬ 
fer lines with no internal parts storage: 

• As the number of workstations on an automated production line inereases, line effi¬ 
ciency and production rate arc adversely affeeted. 

• As the reliability of individual workstations decreases, line efficiency and production 
rate are adversely affeeted. 
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Comparing the upper-bound and lower-bound cases, the upper-bound calculations 
lead to highcr values of breakdown frcqucncy and production rate but to lower val¬ 
nes of line efficiency. 


18.4 ANALYSIS OF TRANSFER LINES WITH STORAGE BUFFERS 

In an automated production line wilh no internal parts storage, the workstations are in- 
terdependent. When onc station breaks down,all oiher stations on the line are affeeted, ei- 
ther immediatel y or by the end of a few cycles of operation. The other stations will be 
forced to stop for one of two reasons: (1) starving of stations or (2) blocking of stations. 
These terms have meanings that are basically the same as in the operation of manual as- 
sembly lines (Section 17.1.2). Starving on an automated production line means that a work¬ 
station is prevented from performing its cycle because it has no part to work on. When a 
breakdown occursat any workstation on the line, the stations downstream from (follow- 
ing) the affeeted station will either immediately or eventually become starved for parts. 
Blocking means thai a station is prevented from performing its work eyele because itcan- 
not pass the part it just completed lo the neighboring downstream station. When a break¬ 
down oceurs at a station on the line. the stations upstream from (preceding) the affeeted 
station become btocked because the broken-down station cannot accept the next part for 
processing from the neighboring upstream station.Therefore, none of the upstream stations 
can pass their just completed parts forward. 

A melhod by which production lines can be designed to operate more cfficiently is 
to add one or more parts storage buffers belween workstations.The storage buffer divides 
the line inlo stages that can operate independently for a number of cycles, the number de- 
pending on tlic storage capacity of the buffer. If one storage buffer is used. the line is di- 
vided into two stages. If two buffers are used at two different locations along the line, then 
a three-stage line is formed. And so forlh.Thc up|>er limit on the number of storage buffers 
is to have storage between every pair of adjacent stations. The number of stages will then 
equal the numherof workstations. For an n-stage line, therc will be n-1 storage buffers. 
This. of course, does not include the raw parts inventory at the front of the line or the fin¬ 
ished parts inventory that accumulates at the end of the line. 

C'onsider a two-stage transfer line. with a storage buffer separating the stages. Let us 
suppose that.on average, the storage buffer is half full. If the first stage breaks down, the 
second stage can continue to operate (avoid starving) using parts that have been collect- 
ed in the buffer. And if the sccond stage breaks down. the first stage can continue to op¬ 
erate (avoid blocking) because it has the buffer to receive its output. The rcasoning for a 
two-stage line can be extended to production lines with more than two stages. For any 
number of stages in an automated production line, the storage buffers allow each stage to 
operate somewhat independently. the degree of independence depending on the capacity 
of the upstream and downstream buffers. 

18.4.1 Limits of Storage Buffer Effectiveness 

Two extreme cases of storage buffer effectiveness can be identified: (1) no buffer storage 
capacity at all and t2) infinite capacity storage butters In the analysis that follows, let us 
assumc that the ideal cycle time T c is the same for all stages considered. This is generally 
desirablc in practicc because it helps to balance production rates among stages. 
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In the case of no storage capacity. the production line acls as one stage. When a sta¬ 
tion breaks down, the entire line stops. This is the case of a production line with no inter¬ 
nal storage analyzed in Section 18.3.The efficiency of the line was given by Eq. (18.9). We 
rewrite lt here as the line efficiency of a zero capacity storage buffer: 


E b 


(18.18) 


where the subscript 0 identifies E„ as the efficiency of a line with zero storage buffer ca¬ 
pacity; and the other terms have the same meanings as before. 

The opposite exlreme is the case where buffer zones of infinite capacity are installed 
between every pair of stages. If wc assumc that each buffer zone is half full (in other words, 
each buffer zone has an infinite supply of parts as well as the capacity to accept an infinite 
number of additional parts), then each stage is independent of the rest. The presence of in¬ 
finite storage buffers means that no stage will ever be blocked or starved because of a 
breakdown at some other stage. 

Of course. an infinite capacity storage buffer cannot be realized in practice. If it could, 
then the overall line efficiency would be limited by the bottleneck stage. That is, produc¬ 
tion on all other stages would ultimately be restricted by the slowest stage. The down- 
stream stages could only process parts at the output rate of the bottleneck stage. And it 
would irtake no sense to run the upstream stages at higher production rates because this 
would only accumulate inventory in the storage buffer ahead of the bottleneck. As a prac¬ 
tical matter, thereforc, the upper limit on the efficiency of the entire line is defined by the 
efficiency of the bottleneck stage. Given thal the cvcle time T c is the same for all stages, the 
efficiency of any stage k is given by: 


E k 


T c 

T c + FJu 


(18.19) 


where the subscript k is used to identify the stage According to our argument above, the 
overall line efficiency would bc given by 


= Minimum {£*} (18.20) 

where the subscript oo identifies E x as the efficiency of a line whose storage buffers all 
have infinite capacity. 

By including one or more storage buffers in an automated production line, we expect 
to improve the line efficiency above E 0 , but we cannot expect to achieve E x simply because 
buffer zones of infinite capacity are not possible. Hence, the actual value of line efficiency 
for a given buffer capacity b will fail somewhere between these extremes: 


(18.21) 


Next, let us consider the problem of evaluating E h for realistic levels of buffer capacity for 
a two-stage automated production line. 
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18.4.2 Analysis of a Two-Stage Transfer Line 

Mosl of the discussion in this section is based on the work of Buzacott [2], who pioneered 
the analytical research on production lines with buffer stocks. Several of his publications 
are listed in our references PH 7 )- Our presentation in this Section will follow Buzacott’s 
analysis in [2|. 

'The two-stage line is divided by a storage buffer of capacity b, expressed in terms of 
the number of workparts that it can store. The buffer receives the output of stage 1 and for¬ 
wards tt to stage 2,temporarily storing any parts not immediately needed by stage 2 up to 
its capacity fe.The ideal cycle time T c is the same for both stages. We assume the downtime 
distributions of cach stage to be the same with meati downtime = T d . Let F, and F 2 = the 
breakdown rates of stages 1 and 2, respcctively. and F 2 are not necessarily equaf. 

Over the long run. both stages must have equal efficiencies. If the efficiency of stage 
1 were greater than the stage 2 efficiency, then inventory would build up in the storage 
buffer until its capacity fo is reached.Thereafter. stage 1 would eventually be blocked when 
it outproduced stage 2. Similarly, if the efficiency of stage 2 were greater than that of stage 
1. the inventory in the buffer would become depleted, thus starving stage 2. Accordingly, 
the efficiencies in the two stages would tend to equalize over time.The overall line efficiency 
for the two-stage line can be expressed: 

E b = f. 0 + D\h(b)E 2 (18.22) 

where £* - overall line efficiency for a two-stage line with buffer capacity b,E Q = line ef¬ 
ficiency for the same line with no internal storage: and the second term on the right-hand 
side (D\h(b)Ei) represents the improvement in efficiency that results from having a stor¬ 
age buffer with fe > 0.1-et us examine the right-hand side terms in Eq. (18.22). The value 
of E n was given by Eq. (18.18), but we write it below to explicitly define the two-stage ef¬ 
ficiency when fe = 0: 


£„ 


T c 

Tc + (f, + Ei )T d 


(18.23) 


The term D\ can be thought of as the proportion of total time that stage 1 is down.de- 
fined as follows: 


FJ d 

T, + (F, + F 2 )T, 


(18.24) 


The term fe(fe) is the proportion of the downtime D\ (when stage 1 is down) that stage 2 
could be up and operating within the limits of storage buffer capacity fe. Buzacott presents 
equations for evaluating fe(fe) using Markov chain analysis. The equations cover several 
different downtime distributions based on the assumption that both stages are never down 
at the same time. Four of these equations are presented in Table 18,2. 

Finally. E 2 cerrccts for the assumption in the calcuiation of h(b) that both stages are 
never down at the same time. This assumption is unrealistic. What is more realistic is that 
when stage 1 is down but stage 2 could be producing because of parts stored in the buffer, 
therc will be times when stage 2 itself breaks down. Therefore, E 2 provides an estimate of 
the proportion ol stage 2 uptime when it could otherwise be operating even with stage 1 
being down. E 2 is calculated as: 
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TABLE T8.2 Formulas for Computing hib) in Eq. (18.22) for a Two Stage Automated Production Line Under 
Seve ral Downtime Distributions 

Assumptions and definitions: Assume that the two stages have equal downtime distributions (7^ = T m = 7j) 
and equal cycle times (7^ = 7^ = r e ). Let F, = downtime frequency for stage 1, and Fj = downtime 
frequency for stage 2. Define rto be the ratio of breakdown frequencies as follows: 


Equations for h(b): With these definitions and assumptions, we can express the relationships for hib) for two 
theoretical downtime distributions as derived by Buzacott [2]: 


Constant downtime'. Each downtime occurrence is assumed to be of constant duration T d . This is a case of no 
downtime variation. Given buffer capacity b, define B and i as follows: 


6-By+L 

where B is the largost integer satiafying the relation: b £ 


Case 1: r - 1.0. h(b) = 
Case 2: r 1.0. h(b) = , 


7+1 T d (S+1)(8 + 2) 

1 - . , 1 - 0 * 

Mi - ^*'Xi - f*' 2 ) 


(18.28) 


(18.27) 

(18.28) 


Gaomotric downtime distribution. In this downtime distribution, the probabrlity that repøirs are completed 
during any cycle duration T c is independent of the time since repairs began. This is a case of maximum 
downtime variation. There are two cases: 


Case 1: r = 1.0. h{b) = - 


* 1.0. Define K = - 


4i-*») 


(18.29) 


(18.30) 


£2 = 


T e 

Tc + F 2 T„ 


(18.31) 


It should be mentioned that Buzacott’s derivation o! Eq. (18.22) in [2] omitted the E 2 lerm, 
relyingon the assumption that stages 1 and 2 wil! not share downtimes. However, without 
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£\,the authcr hasfound tbat the equation tends to overestimate line efficiency. With £ 2 m- 
cluded. as in our Eq. (18.22), the calculated values are much more realistic. In research 
subsequent to that reported in [2], Buzacott developed other equations that agree closely 
with results given by our own Eq. (18.22). 


EXAMPLE 18.4 Two-Stage Automater! Produclion Line 

A 20-station transfer line is divided into two stages of 10 stations each. The 
ideal cycle time of each stage is T c - 1.2 min All of the stations in the line have 
the same probability of stopping, p = 0.005. We assume that the downtime is 
constant when a breakdown occurs, T t = 8.0 min. Using the upper-bound ap¬ 
proach, compute the line efficiency for the following buffer capacities: (a) b = 0, 

(b) b = oo, (c) b — 10, and (d) b = 100. 

Solution: (a) A two-stage line with 20 stations and 6 = 0 tums out to be the same case as 
in our previous Examples 18.2 and 18.3. To review, 


F = np = 20(0.005) = 0.10 

C “ " 1.2 + 0.1(8) ’ #< ® 


(b) Foi a two-stage line with 20 stations (each stage = 10 stations) and b = oo, 
we first compute F: 


F, - F 2 = 10(0.005) - 0.05 

E = e — E = 12 

“ = 1 2 1.2 + 0.05(8) 


= 0.75 


(c) For a two-stage line with b = 10, we must determine each of the terms in 
Eq. (18.22). We have E 0 from part (a). E 0 = 0.60. And we have E 2 from 
part (b). £ 2 = 0.75. 


0.05(8) 

1.2 + (0.05 + 0.05) (8) 


0.40 

2.0 


= 0.20 


Evaluation of h{b) is from Eq. (18.27) for a constant repair distribution. In Eq. 
(18.26), the ratio 


T„ 8.0 

Y = 72 = 6 667 • For b = 10, B = 1 and L = 3.333.Thus, 

*“> * '‘ ll0) - ITT + 3J53 <H (5TWT2) * 0 50 + 0 0833 * 05833 

We can now use Eq. (18.22): 

E l0 = 0.600 + 0.20(0.5833)(0.75) = 0.600 + 0.0875 = 0.6875 

(d) For 6 = 100, the only parameter in Eq. (18.22) that is different from part (c) 
is hib). For b = lOO.fl = 15 and L = 0 in Eq. (18.27). Thus, we have 

»((.) - *(100) - - 0.9375 
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Using this value, 

E m = 0.600 + 0.20(0.9375) (0.75) = 0.600 + 0.1406 = 0.7406 


The value of h{h) not only serves its rok in Eq. (18.22). It also provides information 
on how much improvement in efficiency we get from any given value of b. Note in Exam- 
pie J8.4 thct the difference between E x and £ 0 = 6.75 - 0.60 = 0.15. For b = 1(1, 
fe(fo) = h( 10) = 0.5833, which means we get 5833% of the maximum possible improvement 
in line efficiency using a buffer capacity of 10 (Ei 0 = 0.6875 = 0 60 + 0.5833(0.75-0.60)). 
For h = 100, h(b) = h( 100) = 0.9375, which means we get 93.75% of the maximum im¬ 
provement wilh h = 100 (E,«, = 0.7406 = 0.60 + 0.9375(0.75 - 0.60)). 

We are not only interesled in the line efficiencies of a two-stage production line. We 
also want to know the coriesponding production rates These can be evaluated based on 
knowledge of the ideal cycle time T c and the definition of line efficiency. According to Eq. 
(18.9),£ = T c /T r Sinc<:R p = the reciprocal of T p . then E = T c R p . Rearranging, we have 

«, - j (18.321 

EXAMPLE 18.5 Production Rates nn the Two-Stage Line of Evample 18.4 

Compute the production rates for the four cases in Example 18.4.The value of 
7, = 1.2 min is as before. 

Solution: (a) For b = 0, - 0.60. Applying Eq. (18.32), we have 

R„ = 0.60/1.2 = 0.5 pc/min = 30 pc/hr. 

This is the same value calculated in Example 18.2. 

(b) For b = oo, E x — 0.75. 

R„ = 0.75/1.2 - 0.625 pc/min = 37.5 pc/hr. 

(c) For b = 10,£|„ = 0.6875. 

R„ = 0.6875/1.2 = 0.5729 pc/min = 34.375 pc/hr. 

(d) Fbr b = 100.£,n„ = 0.7406. 

__ R P = 0.7406/1.2 * 0.6172 pc/min = 37.03 pc/hr. 


In Example 18.4, a constant repair distribution was assumed. Every breakdown had 
the same constant repair time of 8.0 min. It is more realistic to expect that there will be some 
variation in the repair time distribution. Table 18.2 provides two possible distributions, rep- 
resenting extremes in possible variability. We have already used the constant repair distri¬ 
bution in Example 18.5, which represents the case of no downtime variation. This is covered 
in Table 18.2 by Eqs. (18.27) and (18.28). I Æt us consider the opposite extreme, the case of 
very high variation. This is presented in Table 18.2 as the geometric repair distribution, 
where h(b) is computed by Eqs. (18.29) and (18.30). 

EXAMPLE 18.6 EfFect of High Variability in Downtimes 

Evaluate the line efficiencies for the two-stage line in Example 18.4, excepl 
that the geometric repair distribution is used instead of the constant downtime 
distribution. 
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Solution: For parts, (a) and (b). the values of E b and E T will be the same as in previous F,x- 
amplc 18.4. E 0 = 0.600 and L' x . = 0.750. 

(c) R»r b = 10, all of the parameters in Eq. (18.22) remain the same except h{b). 
1 Ising F.q (18.29) from Table 18.2. we have 

10 ( 1 . 2 / 8 . 0 ) 


h(b) - 2i(IO) - 


= 0.4478 


2 + (10 - 1 )( 1 . 2 / 8 . 0 ] 

Now using Eq. (18.22), we have 

£ l0 = 0.600 + 0.20(0.4478){0.75) = 0.6672 
(d) For b = 100, again the only change is in h(b). 

100 ( 1 . 2 / 8 . 0 ) 


h(b) = /t(100) 


2 + (100 - 1 )( 1 . 2 / 8 . 0 ) 

0.600 + 0.20(0.8902) (0.75) = 0.7333 


Note that when we compare the values of line efficiency for 6 = 10 and 6 = 100 in 
this example with the corresponding values in Example 18.4. both values are lower here. 
It must be concluded that increased downtime variability degrades line efficiency. 

18.4.3 Transfer Lines with More than Two Stages 

If the line efficiency of an automated pioduelion line can be increased by dividing it into 
two stages w.th a storage buffer between, then one might infer that further improvements 
in performance can be achieved by adding additional storage buffers, Although we do not 
present exact formulas for computing line efficiencies for the general case of any capacity 
b for multiple storage buffers, efficiency improvements can readily be determined for the 
case of infinite buffer capacity. In Exampies 18.5 and 18.6 we have seen the relative im- 
provement in efficiency that result from intermediate buffer sizes between 6 = 0 and b = oo. 

EXAMPLE 18.7 Transfer Lines with more than O+ne Storage Buffer 

For the same 20-station transfer line we have been considering in previous ex¬ 
ampies, compare line efficiencies and production rates for the following cases, 
wbere in each case the buffer capacity is infinite-. (a) no storage buffers, (b) one 
buffer, (c) three buffers, and (d) 19 buffers. Assume in cases (b) and (c) that the 
buffers are located in the line lo equalize the downtime frequencies; that is, all F i 
are equal. As before, the computations are based on the upper-bound approach. 
Solution: We have already computed the answer for (a) and (b) in Example 18.4. 

(a) For the case of no storage buffer. E x = 0.60 

R p = 0.60/1.2 = O.50pc/min - 30 pc/hr. 

(b) For the case of one storage buffer (a two-stage line), E*. = 0.75 

R p = 0.75/1.2 - 0.625 pc/min.=37.5 pc/hr. 

(cl For the case of three storage buffers (a four-stage line), we have 
F, = F, = F } = F, = 5(.005) = 0.025. 
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T p = 1.2 + 0.025(8) = 1.4 min/pc. 

£„ = 1.2/1.4 = 0.8571 

tf, - 0.8571/1.2 = 0.7143 pc/min = 42.86 pc/hr. 

(d) For the case of 19 storage buffers (a 20-stage line, whcre each stage is one 
station), we have 

F, = f 2 = ... = Fa> = 1(0.005) = 0.005 
T p = 1.2 + 0.005(8) = 124 min/pc 
E x = 1.2/1.24 = 0.9677 

R p = 0.9677/1.2 = 0.8065 pc/min = 48.39 pc/hr. 

This last value is very close to the ideal production rate of /?, = 50 pc/hr. 


18.4.4 What the Equatlons Tell Us 

The equations and analysis in this section provide some practical guidelines in the design 
and operation of automated production lines with intemal storage buffers.The guidelines 
can be expressed as follows: 

• If £ 0 and E x are nearly equal in value, little advantage is gained by adding a storage 
buffer to the line. If E«, is significantly greater than £ 0 , then storage buffers offer the 
possibility of significantly improving line perforraance. 

• In considering a multi-stage automated production line, workstations should be di- 
vided into stages to make the efficiencies of all stages as equal as possible. In this 
way. the maximum difference between £ 0 and E x is achieved, and no single stage will 
stand out as a significant bottleneck. 

• In the operation of an automated production line with storage buffers, if any of the 
buffers are nearly always empty or nearly always full, this indicates that the produc¬ 
tion rates of the stages on either side of the buffer are out of balance, and that the stor¬ 
age buffer is serving little if any usefu) purpose. 

• The maximum possible line efficiency is achieved by (1) setting the number of stages 
equal to the number of stations, that is, by providing a storage buffer between eveiy 
pair of stations, and (2) using large capacity buffers. 

• The “law of diminishing retums” operates in multi-stage automated lines. It is man- 
ifested in two ways: (1) As the number of storage buffers is increased, line efficiency 
improves at an ever-decreasing rate. (2) As the storage buffer capacity is increased, 
line efficiency improves at an ever-decreasing rate. 
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PROBLEMS 


Transfer Mechanisms 

18.1 A roiary worktable is driven by a Geneva meehanism with five slots. The driver rotales at 
48 rev/min. Determine (a) the cycle time, (b) available processtime, and (c) indexing time 
each cycle. 

18.2 A Geneva with six slots is used to operate the workiabie of a dial indexing machine. The slow- 
est workstation on the dial indexing machine has an operation time of 2.5 sec, so the table 
must he in a dwell position for this length of time. (a) At what romtionnl speed must the 
driven member of the Geneva meehanism be turned to provide this dwell time? (b) What 
•.s the indexing time each cycle? 

18.3 Solvc Problem 18-2 except that the Geneva has eight slots. 

Automated Production Lines with No Internal Storage 

10.4 A ten-station transfer machine has an ideal cycle time of 30 sec.The frequency of line stops 
is F = 0.075 stops/cydc. When a line stop occurs, the average downtime is 4.0 min. Deter- 
mine: (a) average production rate in pc/hr. (b) line efficiency. and (c) proportion downtime. 

18J Cost elements associated with the operation of the ten-station transfer line in Problem 18.4 
are as follows: raw workpart cost - $0.55/pc, line operating cost = $42.00/hr, and cost of 
disposable tooling = $0.27/pc. Compute the average cost of a workpiece produced. 

18.6 In Problem 18,4. the line stop occurrences are due to random mechanical and electrical bilures 
on the line.Suppose that in addition to thesc rcasotis fur downtime, the tools at each worksta¬ 
tion on the line must be changed and/or reset every 150 cycles. This procedure lakes a total of 
12.0 min for all ten stations, fnclude this additional data and recompute R p . E.and D. 
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18.7 The dia) indexing machine of Problem 18.2 experiences a breakdown frequency of F = 0.06. 
The average downtime per breakdown is 3.5 min. Determine'. (a) average production rate 
in pieces per hour and (b) line etficicncy. 

18.8 In the operation of acertain 15-station transfer line,the ideal cvcle time = 0.58 min.Break¬ 
downs oceur at a rate of once every 20 cycles. and the average downlime per breakdown is 
9.2 min.The transfer line is located in a plant that works an 8-hr day. 5 day/wk. Determine: 
(a) line efficiency and (b) how many parts the transfer line wiT. produce in * wr-ck. 

18.9 A 22-station in-line transfer machine has an ideal cyde time of C35 min. Station breakdowns 
oceur with a probability p = 0.01. Assumc that station breakdowns are the only rcason for 
line stops. Average downtime - 8.0 min per line stop. Usc the upper-bound approach to de¬ 
lermine: (a) ideal production rate R,., (b) frequency of line stops F, (c) average actual pro¬ 
duction rate R p , and (d) line efficiency E. 

18.10 Solve the preceding problem cxccpt use the lower-bound approach. Also determine the pro¬ 
portion of workparts removed from the production line. 

18.11 A ten-station rolary indexing machine performs nine machining operations at nine work¬ 
stations. and the tenth station is used for loading and unloading parts. The longcst process 
lime on the line Ls 130 min, and the loading/unloading operation can bc accomplished in less 
time than tbis. It lakes 9.0 sec to index the machine between workstations. Stations break 
down or stop with a frequency uf p = 0.007. which is considered equal for all ten stations 
When these stops occur, it takes an average of 10.0 min to diagnose the problem and make 
repairs. Parts are not removed from the line when line stops occur, so the upper-bound ap¬ 
proach is applicable. Determine: (a) line efficieacy and (b) average actual production rate. 

18.12 A transfer machine has six stations that functio.n as follows: 


Station 

Operation 

Process Time 

Pi 

1 

Load part 

0-78 min. 

0 

2 

Orill three holes 

1.25 min. 

0.02 

3 

Ream two holes 

0 90 min. 

0.01 

4 

Tap two holes 

0.85 min. 

004 

5 

Mili flåts 

1.32 min. 

0.01 

6 

Unload parts 

0-45 min. 

0 


In addition, transfer lime « 0.18 min. Average downtime per occurrencc - 8-0 min. As- 
sumc the uppci-bound approach is applicable. A total of 20.000 parts must be processed 
through the transfer machine. Determine: (a) proportion downtime. (b) average actual pro¬ 
duction rate, and (c) how many hours of operation are required to produce the 20,000 parts. 

18.13 Solve the preceding problem only assume that each station breakdown causes damage to the 
workpart so that it musl be removed. Accordingly, the lower-bound approach is applicable. 
Determine: (a) proportion downtime, (b) average actual production rate. (c) how many 
hours of operation are required to produce the 20,000 parts, and (d) how many starting 
workparts are required to produce the 20.000 parts. 

18.14 The cost to operate a certain 20-station transfer line is 172/hr. The line operales with an 
ideal cycle time of 0.85 min. Downtime occurrences happen on average once per 14 cycles. 
Average downtime per occurrence is 9.5 min. It is proposed that a new computer system 
and associated sensors be installed to monitor the line and diagnose downtime occurrences 
when they happen. It is anticipated that this new system will reduce downtime from its pre¬ 
sent value to 7.5 min. If the cost of purchasing and instaliing the new system is $15,000, how 
many units must the system produce for the savings to pay for the computer system? 

18.15 A 23-station transfer line bas been iogged for 5 days (total time = 2400 min). During this 
time, chere were a total of 158 downtime occurrences on the line.The accompanying table 
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identifies thc Ivpe of downtime occurrence, how many occurrences of each type, and how 
much :otal time was lost for each type. The transfer line performs a sequence of machining 
operations, the longest of which lakes 0.42 min. The transfer mechanism lakes 0.08 min. to 
index ihe parts from one station to the next each cycle. Assuming tto parts removal when the 
line jants, determine the fo I lo wing based on the 5-day observation period: (a) how many 
paris were produced. (b) downtime proportion, (c) production rate. and (d) frequenev rate 
p asxoeiaied with the transfer mechanism failures. 


Type of Downtime Number of Occurrences Total Time Lost 


Associated with stations: 

Tool-related causes 104 520 min. 

Mechanical failures 21 189 min. 

Miscellaneous 7 84 min. 

Subtotal 132 793 min. 

Transfer mechanism 26 78 min. 


Totals ' 158 871 min. 


18.16 An eight-siannn rot ary indexing .uachine performs the machining operations shown in thc 
accompanying table, together with processing times and breakdown frequencies for each 
statior.The transfer time for the machine is 0.15 min/cycle. A study of thc system was un- 
dertaken. during which tinte 21XX) parts were compieted. It was determined in this study that 
when breakdowns occur. it takes an average of 70 min to make repairs and get the system 
operating again. Assumc the upper-bound approach is applicable. For the study period,de¬ 
lermine: (a) average actual production rate, (b) line uptime efficiency, and (c) how many 
hours were required tc produce the 2000 parts 


Station 

Process 

Process Time 

Breakdowns 

1 

Load part 

0.50 min. 

0 

2 

Mill top 

0.85 min. 

22 

3 

Miil sidøs 

1.10 min. 

31 


Drill two holes 

0.60 min. 

47 

5 

Ream iwo holes 

0.43 min. 

8 

6 

Drill six holes 

0.92 min. 

58 

7 

Tap six holes 

0.75 min. 

84 

8 

Unioad part 

0.40 min. 

0 


18.17 Solve Problem 18.16. except usc the lower-bound approach in your analysis, in which the 
part is -emoved every time a breakdown occurs. Determine: (a) how many starting workparts 
would be required lo produce the 2000 units, (b) line uptime efficiency, and (c) how many 
hours were required to produce the 2000 parts. 

18.18 A 14-station transfer line has been logged for 2400 min. to identify type of downtime oc- 
currcncc.how many occurrences. and time lost.The results are presented in Ihe table below. 
The ideal cycle tune for the line is 0.50 min., including transfer time between stations. Half 
of the downtime occurrences as-sociatcd with "tool changcs and failures" (35 occurrences 
and 200 min.) involve cases in which the part was damaged and had to be removed from Ihe 
line. The remaming downiime occurrences foilow Ihe assumptions of the upper-bound ap¬ 
proach. Determine: (a) how many acceptable parts were produced during the 2400 milt, 
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(b) line uptime efficiency. (c) average actual produclion rate of acceptable parts per hour, 
and (d) frequency p associated with transfer system failures. 


Type of Occurrence 

Number 

Time Lost 


70 

400 min. 

Station failures (mechanical and electrical) 

45 

300 min. 

Transfer system failures 

25 

150 min. 


18.19 A transfer machine has a mean time beiween failures (MTBF) = 50 min. and a mean time 
to repair(MTTR) = 9 min. If the ideal cycle rate *■ 1 per min (when the machine is running), 
»hat is the average hourly produclion rate? Assume the upper-bound approach. 

18.20 A transfer machine has 36 stations. The ideal cycle time = 1 50 min. Frequency of line steps 
F - 0.20; however, this is eomplicated by the faet that in 25% of the line stops, the part is dam- 
aged and must be removed from the line. In other words, 25% of the line stops operate ac- 
cording to the lower-bound approach, while 75% operate under the upper-bound approach. 
The average downtime for thelower bound stops = 10.0 min, and the average downtime for 
the uppe- bound stops = 8.0 min. Given these conditions, if the line operates for 16.0 hr, de- 
terminc the number of good parts produced and the number of parts removed from the line. 

18.21 A part is to be produced on an automated transfer line.The total work content time to make 
the part is 36 min, and this work will be divided evenly among the workstations, so that the 
processing time at each station is 26/n, where r = the number of stations. In addition, the 
time required to transfer parts between workstations is 6 sec. Thus, the cycle 
time = 0.1 + 36 /n min. In addition, it isknown that the station breakdown frequency will 
be p = 0.005, and thal the average downtime per breakdown » 8.0 min. (a) Given these 
data and using the upper-bound approach, determine the number of workstations that should 
be included in the line lo maximize produclion rate. (b) Also, whai is the production rate and 
line efficiency for this number of stations? 


Automated Production Lines with Storage Buffers 

18-22 A 30-station transfer line has an ideal cycle time T, - 0.75 min, an average downtime 
Tj m 6.0 min. per line stop occurrence, and a station failure frequency p - 0.01 for all sta¬ 
tions. A proposal hus been submitted to locate a siuiage buffer between stations 15 and .6 
to improve line efficiency. Using the upper-bound approach, determine: (a) the current line 
efficiency and production rute and (b) the maximum possible line efficiency and produc¬ 
tion rate thai would result from installing the storage buffer. 

18-23 Given the data in Problem 18.22, solve the problem except thal (a) the proposal is to divide 
the line into three stages, that is, with two storage buffers located between stations 10 ard 
11 and between stations 20 and 21, respectively; and (b) the proposal is to use an asynchro- 
nous line with large storage buffers between every pair of stations on the line, that is, a total 
of 14 storage buffers. 

18.24 In Problem 18-22, if the capacity of the proposed storage buffer is to be 20 parts, determine: 
(a) line efficiency and (b) production rate of the line. Use the upper-bound approach and as¬ 
sume that the downtime (T d = 6.0 min) isaconstant. 

18.25 Solve Problem 18.24 but assume that the downtime {T d = 6.0 min) follows the geometric re- 
pair distribution. 

18J6 In the transfer line of Problems 18.22 and 24, suppose it is more technically feasible to lo- 
cate the storage buffer between stations 11 and 12. rather than between stations 15 and 16. 
Determine: (a) the maximum possible line efficiency and production rate that would result 



Irom installing thc storage bulfer and (h) ihe line effkicncy and production rate for a stor¬ 
age bulfer of capacity b — 20 parts. Assume thai downlime (T d = 60 min ) is a eonstant. 

18.27 A proposea svnehronous transfer line will have 20 stations and svi.I operate wilh an ideal cycle 
tune of 0.5 min. All stations are expetleJ to have an equal probabilitv of breakdown. 
p = 0.01.1 hc average downlime per breakdown is expected to be 5.0 min., and the upper- 
hrain.l approach is applicahle in ihe analySA. An option under consideration is to divide the 
line mto Iwo '•tages each stage having 10 stations, with a buffer storage 7one between thc 
stages. Il hus been decided that the storage capacity should bc 20 unit&The cost lo operatc 
thc line is $96.00/hr lnstalling ihe storage buffer wouid inerease the line operating cost by 
J12.00/hr. Ignoring malerial and tooling costs.determine: (a) line efficiency. production rate. 
and unit cost lor thc onc-stagc configuration and (b) line efficiency, production rate. and 
unit cost for the optional two-stage configuration. 

18.28 A (wo-week study has been performed on a 12-station transfer line thai is used to partially 
machinc engine heads tor a major auiomotive company. During ihe 80 hr ot observation, the 
line was down a total ot 42 hr, and a total of 1689 paris were compleied.The accompanying 
table lists the muchining operation pertormed at each station, the proccss times, and the 
downjime occurrences (or each station. Transfer time between stations is 6 sec.To address 
thc downlime problem, il has been proposed to divide the line into two stages, each consisting 
of six stations. The storage buffer between the stages wouid have a storage capacity ol 
20 parts. Assuming the upper-bound approach and a eonstant downlime, determine: (a) line 
efficiency and production rate of current one-stage configuration and (b) line efficiency and 
production rate of proposed two-stagc configuration. (c) Given that the line is lo be divid- 
cd into two stages, should each stage consist of six stations as proposed. or is there a betler 
division of stations into stages? Support your answer. 


Station 

Operation 

Process Time 

Downtime Occurrences 

! 

Load part (manual) 

0.50 min. 

0 

2 

Rough mili top 

1.10 min. 

15 

3 

Finish mill top 

1.25 min. 

18 

4 

Rough mill sides 

0.75 min. 

23 

5 

Finish mill sides 

1.05 min. 

31 

6 

Mill surfaces for drill 

0.80 min. 

9 

7 

Drill two holes 

0.75 min. 

22 

8 

Tap two holes 

0.40 min. 

47 

9 

Drill three holes 

1.10 min. 

30 

10 

Ream three holes 

0.70 min. 

21 

11 

Tap three holes 

D.45 min. 

30 

12 

Unload and inspect part (manual) 

0.90 min. 

0 


Totals: 

9.40 min. 

246 


18.29 In Pmhleir 18.28. thc current line ha» an operating cost of S66.(X)/hr.The starting workparl 
is a cas-ting that costs S4.50/pc. Disposabie tooling costs $1.25/pc.The proposed storage 
buffer will add $6.00/hr to Ihe operating cost of the line. Does the improvcinent in produc¬ 
tion rate justify this cost inerease? 

18.3(1 A 16-station transfer line can be divided into iwo stages by installing a storage buffer between 
stations 8 and 9. The probabilitv of failure at any station is p = 0.01. The ideal cycle time is 
1.0 min.and the downlime per line stop is 10.0 ir.in.Thesc values are applicable for both thc 
one-stage and two-stage configurations. The downtime should be considcred eonstant, and 
the upper-bound approach should bc used in the analysis-Thc cost of installing the storage 
buffer Lsafunction of itscapactly. This cost funeuon is C fc = $0 60b/hr = $0.01b/min,where 
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b = the buffer capacity. However. the buffer can only be constructed to store increments of 
10. (In other word*, b can take on values of 10,20,30, etc.) The cost to operate the line itself 
is $120/hr. Ignore malerial and tooling costs. 8ased on cost per unit of product, determine 
the buffer capacity b that will minimize unit product cost. 

18.31 The uptime efficiency of a 20-station automated production line is only 40%.The idea) cycie 
time is 48 sec, and the average downtimeper line stop occurrence is 3.0min. Assume the fre- 
quency of breakdowns for all stations is equal (p, = p for all stations), the downtime is con- 
stant, and the upper-bound approach is applicable. To improvc uptime efficiency, it is 
proposed to mstall a storage buffer with a 15-part capacity for $14,000. The present pro¬ 
duction cost is $4.00/unit, ignonng matenal and tooling costs How many units would have 
to be produced for the $14,000 investment to pay for itself? 

18J2 An automated transfer line is divided into two stages with a storage buffer between them. 
Each stage consists of nitte stations. The ideal cycie time of each stage = 1.0 min, and fre- 
qucncy of fadure for each station is p = 0.01.The average downtime per stop is 8.0 min,and 
a constant downtime distribution shonld be assumed. Determine the required capacity of the 
storage buffer such that the improvement in line efficiency E compared to a zero buffer ca- 
paci-.y would be 80% of the improvement yielded by a buffer with infinite capacity. 

18.33 In Problem 18.21, suppose that a two-stage line were to be designed with an equal number 
of stations in each stage. Work contcnt time will be divided evenly between the two stages. The 
storage buffer between the stages will have a capacity - 3 T d /T,. Assume a constant repair 
distribution, (a) For this two-stage line, determine the number of workstations that should be 
included in each stage of the line to maximize production rate. (b) What is the production rate 
and line efficiency for this line configuration? (c) What is the buffer storage capacity? 

18.34 A 20-station transfer line presently operates with an efficiency E - 1/3. The ideal cycie 
time = 1.0 min. The repair distribution isgeometric with an average downtime peroccuc- 
rence = 8 min, and each station has an equal probabiiily of failure. It is possible to divide 
the line into two stages with ten stations each, separating the stages by a storage buffer of 
capacity b. With the information given, determine the required value of b thal will inerease 
the efficiency from E = 1/3 to E = 2/5. 
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CHAPTER CONTENTS 

19.1 Fundamentals of Automated Assembly Systems 

19.1.1 System Configurations 

19.1.2 Parts Del i very at Workstations 

19.1.3 Applications 
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19.3 Ouantitative Analysis of Assembly Systems 

19.3.1 Parts Del i very System at Workstations 

19.3.2 Multi-Station Assembly Machines 

19.3.3 Single Station Assembly Machines 

19.3.4 Partial Automation 

19.3.5 What the Equations Tell Us 

The term automated assembly refers to the use of mechanized and automated devices to 
perform the various assembly tasks in an assembly line or cell. Much progtess has been 
made in the technology of assembly automation in recent years. Sotne of this progress has 
been motivated by advances in the fjeld of robotics. Industrial robots are sometimes used 
as components in automated assembly systems (Chapter 7). In the present chapter, we dis- 
cuss automated assembly as a distinet field of automation. Although the manual assembly 
methods described in Chapter 17 will be used for many years into the future. there are sig- 
nificant opportunities for productivity gains in the use of automated methods. 

As with transfer lines discussed in the previous chapter, automated assembly systems 
considered in this chapter are usually included in'the category of fixed automation. Most 
automated assembly systems are designed to perform a fixed sequence of assembly steps 
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on a specific product. In our classificalion scheme (Section 13.2), they are either type III 
A for multiple station systems or type I A tor single station systems (less common). Auto¬ 
mated assembly technoiogy should be considered when the following conditions exist: 

• High product demand. Automated assembly systems should be considered for prod- 
ucts made in millions of units (or close to this range). 

• Stable product design. In general, any change in the product design means a change 
in workstation tooling and possibly the sequence of assembly operations. Such changes 
can be very costly. 

• The assembly consists of no more than a limited number of components. Riley [13] 
recommends a ntaximum of around a dozen parts. 

• The product is designed for automated assembly. In Section 19.2. we examine the de¬ 
sign factors that allow the assembly of a product to bc automated. 

Automated assembly systems involve a significant Capital expense. although the in- 
vestments are generally less than for automated transfer lines. The reasons for this are: 
(1) work units produced on automated assembly systems are usually smaller than those 
made on transfer lines, and (2) assembly operations do not have the large mechanical force 
and power requiremenis of processing operations such as muehining. Accordingly, in com- 
paring an automated assembly system and a transfer line both having the same number of 
stations, the assembly system wouki tend to be smaller in physical size. This usually re- 
duces the cost of the system. 


19.1 FUNDAMENTALS OF AUTOMATED ASSEMBLY SYSTEMS 

An automated assembly system performs a sequence of automated assembly operations 
to combinc multiple components into a single entity.The single entity can be a final prod¬ 
uct or a subassembly in a larger product. In many cases, the assembled entity consists of a 
base part to which other components are attached.The components are joined one at a time 
(usually), so the assembly is completed progressively. 

A typical automated assembly system consists of the following subsystems: (1) one 
or more workstations at which the assembly steps are accomplished, (2) parts feeding de- 
vices that deliver the individual components to the workstations, and (3) a work handling 
system for the assembled entity. In assembly systems with one workstation, the work han¬ 
dling system moves the base part into and out of the station. In systems with multiple sta¬ 
tions, the handling system transfers the partially assembled base part between stations. 

Control funetions required in automated assembly machines are the same as in the 
automated processing lines of Chapter 18: (1) sequence control, (2) safety monitoring, and 
(3) quality control. These funetions are described in Section 18.1.4. The issue of memory 
control versus instantaneous control is especially relevant in multi-station automated as¬ 
sembly systems. 

19.1.1 System Configuratlons 

Automated assembly systems can be classified according to physical configuration. The 
principal configurations, illustrated in Figure 19.1, are: (a) in-line assembly machine, (b) dial- 
type assembly machine, (c) carousel assembly system, and (d) single station assembly ma- 
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(c) 

Figure 19.1 Types of automated assembly systems: (a) in-line, (b) dial-type, 
(c) carousel. and (d) single station. 


TABLE 19.1 Possible Work Transfer Systems for the Four Assembly System Configurations 


System Configuration 

Statlonary Base Part 

Continuous 

Work Transfer System 

Synchronous 

Asynchronous 

tn.linB 

No 

Unusual 

Yes 

Yes 

Dial-type 

No 

Unusual 

Yes 

No 

Carousel 

No 

Unusual 

Yes 

Yes 

Single station 

Yes 

No 

No 

No 


chine.Table 19.1 summarizes the possible combinations of work transfer systems (Section 
17.1.2) ihat are utilized with these assembly system configurations The transfer mecha- 
nisms to provide the corresponding motions are identified in Table 17.3. 

The in-line assembly machine. Figure 19.1 (a), consists of a series of automatic work¬ 
stations located along an in-line transfer system. Tt is the assembly version of the machin- 
ing transfer line. Synchronous and asynchronous transfer systems are the common means 
of transporting base parts from station-to-station with the in-line configuration. 

Ln the typical applicatinn of the dial-type machine, Figure 19.1(b), base parts are 
loaded onto fix tures or nests attached to the circulardial. Components are added and/or 
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joined to the base part at the various workstations located around the periphery of the 
dial. The dial indexing machine operates with a synchronous or intermittent motion, in 
which the cycle consists of the service time plus indexing time. Dial-type assembly ma- 
chines are sometimes designed to use a continuous rather than intermittent motion. This 
is common in beverage boltling and canning plants, but it is not common in mechanical and 
clcctronics assembly. 

The operation of dial-type and in-line assembly systems is similar to the operation of 
their counterparts for processing operations described in Section 18.1.2, except that as¬ 
sembly operations are peiformed. For synchronous transfer of work between stations, the 
ideal cycle time equals the operation lime at the slowest station plus the transfer time be¬ 
tween stations. The production rate, at 100% uptime, is the reciprocal of the ideal cycle 
time. Because of part jams at the workstations and other malfunctions, the system operates 
at less than 100%. uptime. We analyze the performance of these systems in Section 19.3.2. 

As seen in Figure 19.1(c), the carousel assembly system represents a hybrid between 
the circular work flow of the dial assembly machine and the straight work flow of the in- 
line system. The carousel configuration can be operated with continuous, synchronous, or 
asynchronous transfer mechanisms to move the work around the carousel. Carousels with 
asynchronous transfer of work are often used in partially automated assembly syslems 
(Section 19.3.4). 

In the single station assembly machine. Figure 19. l(d), assembly operations are per- 
formed on a base part at a single location. The typical operating cycle involves the placc- 
ment of the base part at a stationary position in the workstation, followed by the addition 
of components to the base. and finally the removal of the completed assembly from the sta¬ 
tion. An important application of single station assembly is the component insertion ma¬ 
chine, widely used in the electronics industry to populate components onto printed Circuit 
boards. For mechanical asseniblies, the single station cell is sometimes selected as the con¬ 
figuration for robotic assembly applications. Parts are fed into the single station, and the 
robot adds them to the base part and performs the fastening operations. Compared with 
the other three system types, the single station system is inherently slower, since all of the 
assembly tasks are performed and only one assembied unit is completed each cycle, Sin¬ 
gle station assembly systems are analyzed in Section 19.3.3. 

19.1.2 Parts Delivery at Workstations 

In each of the configurations described above, a workstation accomplishes one or both of 
the following tasks: (1) a part is delivered to the assembly workhead and added to the ex- 
isting base part in front of the workhead (in the case of the first station in the system, the 
base part is often deposited into the work carrier), and/or (2) a fastening or joining oper¬ 
ation is performed at the station in which parts added at the workstation or at previous 
workstations are permanently attached to the existing base part. In the case of a single sta¬ 
tion assembly system, these tasks are carried out multiple times at the single station. For 
task (1), a means of delivering the parts to the assembly workhead must be designed. The 
parts delivery system typically consists of the following hardware: 

1. Hopper. This is the container into which the components are loaded at the worksta¬ 
tion. A separate hopper is used for each component type. The components are usu- 
ally loaded into the hopper in bulk. This means that the parts are initially randomlv 
oriented in the hopper. 

2. Parts feeder. This is a mechanism that removes the components from the hopper one 
at a time for delivery to the assembly workhead. The hopper and parts feeder are 
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4. Feed track.The preceding elements of the delivery system are usually separated from 
the assembly workhead by a certain distance. A feed track is used to move the com- 
ponents from the hopper and parts feeder to the location of the assembly workhead, 
maintaining proper orienlalion of the parts during the transfer. There are two gen¬ 
eral categories of feed tracks: gravity and powered. Gravity feed tracks are the most 
common. In this type, the hopper and parts feeder are located at an elevation above 
that of the workhead. The force of gravity is used to deliver the components to the 
workhead. The powered feed track uses vibratory action, air pressure, or other mears 
to force the parts to travel along the feed track toward the assembly workhead. 

5. Escapement and placement device. The purpose of the escapement device is toremove 
components from the feed track at time intervals that are consistent with the cycle 
time of the assembly workhead. The placement device physically places the compo- 
nent in the correct location at the workstation for the assembly operation.These el¬ 
ements are sometimes eombined into a single operating mechanism. In other cases, 
they are two separate devices. Several types of escapement and placement devices are 
pictured in Figure 19.4. 

The hardware elements of the parts delivery system are illustrated schematically in 
Figure 19.5. A parts selector is illustrated in the diagram. Impiopei ly orieiued paris aie 
fed back into the hopper. In the case of a parts orientor, improperly oriented parts are re- 
eviented and proceed to the feed track. A more detailed description of the various ele¬ 
ments of the delivery system is provided in [3]. 

One of the recent developments in the technology of parts feeding and delivery sys¬ 
tems is the programmable parts feeder [7], [10]. A programmahle parts feeder is capable 
of feeding components of varying geometries with only a few minutes required to make the 
adjustments (change the program) for the differences. The flexibility of this type of feed¬ 
er permits it to be used in batch production or when product design changes occur. Most 
parts feeders are designed as fixed automated systems for high production assembly of 
stable product designs. 

19.1.3 Applications 

Automated assembly systems are used to produce a wide variety of products and sub- 
assemblies. Table 19.2 presents a list of typical products made by automated assembly. 

The kinds of operations performed on automated assembly machines cover a wide 
range. We provide a representative list of processes in Table 19.3.These processes are de- 
scribed in [9], It shouid be noted that certain assembly processes are more suitable for au¬ 
tomation than are others. Fot example, threaded fasteners (e.g., screws. bolts, and nuts), 
although common in manual assembly, are a challenging assembly method to automate.This 
issue, along with some guidelines for designing products for automated assembly, is dis- 
cussed in the following section. 


19.2 DESIGN FOR AUTOMATED ASSEMBLY 

One of the obstacles to automated assembly is that many of the traditional assembly meth- 
ods evolved when humans were the only available medns of assembling a product. Many 
of the raechanical fasteners commonly used in industry today require the special anatom- 
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Kigure 19.4 Various escapement and placement devices used in automated as¬ 
sembly systems: {a) horizontal device and (b) vertical device for placement of 
parts onto dial indexing table. (c) escapement of rivet-shaped parts actuated by 
work carrieis, and (d) and (e) are two types of pick-and-place mechanisms 
(reprinted from Gay [6]). 


ical and gensory capabilities of human bcings. Consider.for examplc, Uie use of a bolt.lock 
washer. and nut to fasten two sheet metal parts on a partially assembled cabinet. This kind 
of operation is commonly accomplished manually at either a single assembly station or on 
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Figure 19i Hardware elements of the parts delivery system at an as- 
sembly workstation. 


TABLE 19.2 Typical Products Made by Automated Assembly 


Alarm clocks 

Light bulbs 

Audio tape cassøttes 

Locks 

Ball bearings 

Mechamcal pens and pencils 

Ball point pens 

Printed Circuit board assemblies 

Cigarette lighters 

Pumps for household appliances 

Computer diskettes 

Smail electric motors 

Electrical plugs and sockets 

Spark plugs 

Fjel injectors 

Video tape cassettes 

Gear boxes 

Wrist watches 


TABLE 19.3 Some Typicat Assembly Processes Used in Automated Assembly Systems 


Adhesive bonding (automatic dispensing of adhesive) 

Insertion of components (pin-in-hole printed Circuit board assembly) 
Placement of components (surface mount printed Circuit board assembly) 
Riveting 

Screw fastening i automatic screwdriver) 

Snap fitting 

Soldering 

Spotwelding 

Stapling 

Stitching 


an assembly line. The cabinet is positioned at the workstation with the two sheet metal 
parts to be fastened at an awkward location for the operator to reach. The operator picks 
up the bolt, lockwasher, and nut, somehow manipulating thern into position on opposite 
sides of the two parts, and plaees the lockwasher and then the nut onto the bolt. As Juck 
would have it, the threads of the nut initially bind on the bolt threads, and so the operator 
must unscrew slightly and restart the process, using a well-developed sense of touch to en- 



Sec. 19.2 / Design for Automated Assembly 


sure ihat the threads are matching. Once thc bolt and nut have been tightened with fingers, 
the operator reachcs for thc appropriate screwdriver (there are various bolt sizes with dif- 
ferent heads) to tighten the fastener. 

This kind of manual operation has been used commonly and successfully in industry 
for many years to assemblc products.Thc hardware required is inexpensive, the sheet metal 
is rcadily pcrforatcd to provide the matching clearance holes, and the method lends itsel? 
to field service. What is becoming very expensive is the manual labor at the assembly work¬ 
station required lo accomplish the initial fastening. The high cost of manual labor has re¬ 
sulted in a recxamination of assembly tcchnology with a view toward automation. However, 
automating the assembly operation just deseribed is very difficult. First, the positions of the 
holes through which the bolt must bc inserted are different for each fastener, and some of 
the positions may bc d ifficult for the operator to rcach. Sccond, thc holes between the two 
shcct metal parts may not match up perfeetly, requiring the operator to reposition the two 
parts for a betler fil.Third. the operator must juggle three separate hardware items (bolt, 
lockwasher.and nut) to perform thc fastening operation. And the part to be fastened may 
also have to he included in the juggling act. Fourth, a sense of touch is required to make 
sure that the nul is started properly onto the bolt thread. Each of these four problems 
makes automation of the operation difficult. All four problems together make it nearly 
impossible. As a consequencc, attempts at assembly automation have led to an examina- 
tion of the meihods specifled by thc designer to fasien together ihe various componenis 
of a product. 

The fusl and most general lesson. which is obvious from this last example, is that the 
methods traditionally used for manual assembly are not necessarily the best methods for 
automated assembly. Humans are the most dexterous and intelligent machines, able to 
move to different positions in the workstation, adapl to unexpccted problems and new sit¬ 
uations during the work cycle, manipulate and eoordinate multiple objects simultaneous- 
ly. and make use of a wide range of senses in performing work. For assembly automation 
to be aehieved. fastening procedures must be devised and specified during product design 
that do not require all of these human capabilities.The following are some recommenda- 
tions and prineiples that can be applied in product design to facilitate automated assembly; 

• Reduce the amount of assembly required. This principle can be realized during de¬ 
sign by combining funetions wilhin the same part that were previously accomplished 
by separate components in thc product.The use of plastic rnolded parts to substitute 
for sheet metal parts may be a way to actualizc this principle. A more complcx geom- 
etry rnolded into a plastic part might replace several metal parts. Although the plas¬ 
tic part may seem to be more costly, the savings in assembly time will justify the 
substitution in many cases. 

• Use of modular design. In automated assembly, inereasing the number of separate as- 
sembly steps accomplished by a single automated system results in a decrease in sys¬ 
tem reliability. This is demonstrated in our analysis of assembly system performance 
in Sections 19.3.2 and 19.3.3. To reduce this effeet Riley [13] suggests that the design 
of the product be modular with perhaps each module requiring a maximum of 12 or 
so parts to be assemMcd on a single assembly system. Also, the subassembly should 
be designed around a base part to which other components are added [14]. 

• Reduce the numher of fasteners required. Instead of using separate screws, nuls and 
similar fasteners, design the fastening mechanism into the component design using 
snap fits and similar features. 
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Reduce the needfor multiple components to be håndled at once. The preferred prac- 
tice in automated assembly machine design is to separate the operations at different 
stations rather than to simultaneously handle and fasten multiple components at thc 
same workstation. For the case of the single station assembly system, this principle 
must be interpreted lo mean that the handling of multiple components must be min- 
imized in each assembly work element. 

Limit the required directions of access. This principle simply means that the number 
ofdirections in which new components are added to the existing subassembly should 
be minimized. If all of the components can be added vertically from above, this is the 
ideal situation. Obviously the design of the subassembly determines this. 

High quality required in components. High performance of the automated assembly 
system requires consistently good quality of the components added at each work¬ 
station. Poor quality components cause janis in the feeding and assembly mecha- 
nisms. which cause downtime in an automated system. 

Hopperability. This is a term thai Riley [13} uses to idenlify the case with which a 
given component can be fed and oriented reliably for delivery from the parts hopper 
to the assembly workhead. One of the major costs in the development of an auto¬ 
mated assembly system is the engineering time to devise thc means of feeding the 
components in the correct orientation for the assemhly operation. The pmriuct de¬ 
signer is responsible for providing the orientation features and other gcometric as- 
pects of ihe components that deierminc thc easc of feeding and orienting the parts. 


19.3 QUANTITATIVE ANALYSIS OF ASSEMBLY SYSTEMS 

Certain performance aspects of automated assembly systems can be studied using mathe- 
matical models. In this section, we develop models to analyze the following issues in auto- 
mated assembly: (t) parts delivery system at workstations, (2) multi-station automated 
assembly systems,(3) single station automated assembly systems, and (4) partial automation. 

19.3.1 Parts Delivery System at Workstations 

ln the parts delivery system, Figure 19.5, the parts feeding mechanism is capable of re- 
moving parts from the hopper at a certain rate/.These parts are assumed to be randomly 
oriented initially, and must be presenled to the selector or orientor to establish the correct 
orientation. In the case of a selector, a certain proportion of the parts will be correctly ori¬ 
ented initially, and these will be allowed to pass through. The remaining proportion that is 
incorrectly oriented will be rejected back into the hopper. In the case of an orientor, in- 
correctly oriented parts will be reoriented. resulting ideally in a 100% rate of parts passing 
through the device. In many delivery system designs, the funetions of the seleclor and the 
orientor are combined. Let us define 6 to be the proportion of components that pass through 
the selector-orientor process and are correctly oriented for delivery into Ihe feed track. 
Hence, the effeetive rate of delivery of components from the hopper into the feed track is 
/O.The remaining proportion, (1 - 9),is recirculated back into the hopper. Obviously, the 
delivery rate f9 of components to the workhead must be sufficient to keep up with the 
cycle rate of the assembly machine. 

Assuming the delivery rate of components f$ is greater than the cycle rate R c of the 
assembly machine. a means of limiting the size of the queue tn the feed track must be es- 
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lablished.This is generally accomplished by placing a sensor (e.g. .limit switch or Optical sen¬ 
sor) near the lop ol the feed track to turn off the feeding mechanism when the feed track 
is full.This sensor is referred to as the high level sensor, and its location defines the active 
(ength Lp of the feed track. If the length of a component in the feed track is L c , then the 
number of parts thatcan be held in the feed track is rip = Lp/Z.,.. The length of the com- 
ponents must be mcasured from a point on a given component to the corresponding point 
on the next component in the qucue to allow for possiblc overlap of parts-Thc valuc of tip 
is the capacity of the feed track. 

Another sensor is placed along the feed track at some distance from the first sensor 
and is used to restart the feeding mechanism again. If we define the location of this low level 
sensor as Lp, then the number of components in the feed track at this point is rip = Lp/L c . 

The rate al which parts in the feed track are reduced when the high level sensor is ac- 
tua ted (turns off the feedcr) = R c , which is the cycie rate of the automated assembly work- 
head. On average, the rate at which the quamity of parts will inerease with the actuation 
of the low level sensor (tums on the feeder) is fO - R c . However, the rate of inerease will 
not be uniform due to the random nature of the feeder-selector operation. Accordingly, the 
value of np must be made large enough to virtually eliminate the probability of a stock- 
out after the low level sensor has turned on the feeder. 

EXAMPLE 19.1 Parts I)eli»ery System in Automatic Assembly 

The cycie time for a given assembly workhead = 6 sec. The parts feeder has a 
feed rate = 50 components/min. The probability that a given component fed 
by the feeder will pass through the selector is 0 = 0.25. The number of parts in 
the feed track corresponding to the low level sensor is n,, = 6.The capacity of 
the feed track is tip = 18 parts. Determine (a) how long it will take for the sup- 
ply of parts in the feed track to go from np to np and (b) how long it will take 
on average for the supply of parts to go from n fl to n n . 

Solution: (a) T c = 6 sec = 0.1 min. The rate of dcpletion of parts in the feed track, start¬ 
ing from np, will be R r = 1/0.1 = 10 parts/min. 

Tune to deplete feed track (time to go from n n to n ;i ) = 18 ^ ^ = 1.2 min. 

(b)Thc rate of parts inerease in tiie feed track, once the low level sensor has 
been reached, is fO - R c = (50)(0.25) - 10 = 12.5 - 10 = 2.5 parts/min. 

Time to replenish feed track (time to go from n n to np) = ——- = 4.8 min. 


19.3.2 Multi-Station Assembly Machines 

In this section. we analyze the operation and performance of automated assembly ma- 
chines that have several workstations and use a synchronous transfer system. The types 
include the dial indexing machine, many in-line assembly systems, and certain carousel sys¬ 
tems. Assumptions underlying the analysis are similar to those in our analysis of transfer 
lines:Assembly operations at the stations have: (1) constant element times, although the 
times are not necessarily equal at all stations; (2) synchronous parts transfer: and (3) no in¬ 
ternal storage. 
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The analysis of an automated assembly machine with multiple stations shares much 
in common with the upper-bound approach used for metal machming transfer lines from 
Section 18.3.Some modifications in the analysis mest be made to account tor the faet that 
components are being added at the various workstations in the assembly system.The gen¬ 
eral operation of the assembly system is pictured in Figurc 19.1(a)-(c). In developing the 
equations that govem the operation of the system, we will follow the general approach 
suggested by Boothroyd and Redford [2]. 

We assume that the typical operation at a workstation of an assembly machine con- 
sists of a component being added and/or joined in some fashion to an existing assembly.The 
existing assembly consists of a base part plus the components assembled to it at previous 
stations The base part is launched onto the line eiiher at or before the first workstation. 
The components thai are added must be clean, uniform in size and shape.of high quality, 
and consistently oriented. When the feed mechanism and assembly workhead attempt to 
join a component that does not satisfy this technicaJ description, the station can jam. When 
a jam occurs, it results in the shutdown of the entire system until the fault is corrected. 
Thus, in addition to the other mechanical and clectrical failures that imerrupt the opera¬ 
tion of a production line, the problem of defeetive components is one that specifically 
plagues the operation of an automatic assembly system.This is the problem wc propose to 
deal with in this Section. 

The Assembly Machine as a Game of Chance. Defeetive parts occur in manu¬ 
facturing with a certain fraction defeet rate, <j(0 s q s 1.0). In the operation of an as¬ 
sembly workstation, q can be considcred to be the probability that the component to bc 
added during the current cycle is defeetive. When an attempt is made to feed and assem- 
ble a defeetive component. the defeet might or might not cause the station to jam. Let 
m = probability that a defeet results in a jam at the station and consequent stoppage of 
the line. Since the values of q and m may be different for different stations, wc subscript 
these terms as q, and m it where i = 1,2,...,«, the number of workstations on the assem¬ 
bly machine. 

Consider what happens at a particular workstation, say station i, where there are 
three possible events that might occur when the feed mechanism attempts to feed the next 
component, and the assembly device attempts to join it to the existing assembly at the sta¬ 
tion- The three events and their associated probabilities are: 

1. The component Is defeetive and causes a station jam. The probability of this event 
is the fraction defeet rate of the parts at the station {qi) multiplied by the probabili¬ 
ty that a defeet will cause the station to jam (mJ.This product is the same term p, in 
our previous analysis of transfer machines in Section 18.3.2. For an assembly ma¬ 
chine, pi = m,q r When the station jams, the component must then be cleared and 
the next component be allowed to feed and be assembled. We assume that if the next 
component ih the feed track were defeetive, the operator who cleared the previous 
jam would notice and remove this next defeet as well. Anyway, the probability of two 
consecutive defeets is very small, equai to qj. 

2. The component is defeetive but does not cause a station jam. This has a probability 
(l ~ m,)qj. With tbis outeome, a bad part is joined to the existing assembly. perhaps 
rendering the entire assembly defeetive. 

3. The component is not defeetive. This is the most desirable outeome and the most 
likely by far (hopefully).The probability that a part added at the station is not de¬ 
feetive is equai to the proportion of good parts (1 - qi). 
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The probabilities of the three possible events must sum to unity for any workstation; that is, 

rn.ii, ^ {1 - m)q, + (l - q) = 1 (19.1) 

1 -or the special case where m. = mandq, = q for all i, this equation reduces to the following: 

mq + (1 - m)q + (1 - q) — 1 (19.2) 

Although it is uiilikely that ail m, are equal and all q, are equal.it isnevertheless usefu! for 
computation and approximation purposes. 

To delermine ihe completc distribution of possible outeomes that can occur on an «- 
station assembly machine. the terms of Eq. (19. J) are multiplied together for all n stations: 

fik* + (i - m)q, + (f - 9 ,)] = 1 (19.3) 

In the special case where m, = m and 17 , = q for all /, this reduces to: 

[mq + (1 - m)q + (1 - <y)] n = 1 (19 4) 

Expansion of Eq. (19.3) reveals the probabilities for all possible sequences of events that 
can take place on the n-station assembly machine. Unfortunately, the number of terms in 
the expansion becotnes very large for a machine with more than two or three stations.The 
exaet number of terms is equal to 3", where n = number of stations. For example, for an 
eight-slation line, the number of terms = 3® = 6561, each term representing the probabil- 
ity of one of the 6561 possible outeome sequences on the assembly machine. 

Mcasures ofPerformance. Fortunately, it is not necessary to calculate every term 
to make use of the description of assembly machine operation provided by Eq. (19-3). One 
of the characteristics of performancc that we want to know is the proportion of assemblies 
that contain one or more defeetive componentsTwo of the three terms in Eq. (19.3) rep¬ 
resent events in which a good component is added at the given station.The first term is m,q h 
whiclt indicates that a station jam has oteurred, and thus a defeetive component has not 
been added to the existing assembly. The other term is (1 - q,), which means that a good 
component has been added at the station. The sum of these two terms represents the prob- 
ability that a defeetive component is not added at station i. Multiplying these probabilities 
for all stations, wc gel the proportion of acceptable product coming off the line P pp . 

no -«+”.«) ti«) 

where P ap can be thought of as the yitld of good assemblies produced by the assembly 
machine. tf P ap = the proportion of good assemblies, then the proportion of assemblies con- 
taining at leas! one defeetive component P qp is given by: 

P<p = 1 ' P. p - 1 - no - q, T m.q) 


(19.6) 
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In the case of equal m, ard equal q,. these two equations become, respeclively: 

P«, = (1 - q + mqf (19.7) 

P„ = 1 - (1 - q + mq)" ( 19 . 8 ) 

The yield P ap is certainly one of the important performance mcasures of an assembly ma- 
chine.The proponion of assemblies with one or more defeelive components P qp must be 
considered a significant disadvantage of the machine’s performance. Either these assem¬ 
blies must be identified through an inspection process and possibly repaired, or they will 
becomc mixed in with the good assemblies.This latter possibility leads to undesirabie con- 
sequences when the assemblies are placed in service. 

Other performance measures of interest are the machine’s production rate, propor¬ 
tion of uplinie and downtime.and average cost per unit produced.To calculate production 
rate, we must first determine the frequency of downtime oceurrences per cycle F. If each 
station jam results in a machine downtime occurrence, F can be determined by taking the 
expected number of station jams per cycle; that is, 

F=f,p,= %m,q, ( 19 . 9 ) 

In the case of a station performing only a joining or fastening operation and no part is 
added at the station, then the contribution to F made by that station is p,, the probability 
of a station breakdown, where p, does not depend on m, and q,. 

If = mand<?, = q for all stations, i = l,2,....w,thentheaboveequationforf're- 
duces to the following: 


F = nmq (19.10) 

The average actual production time per assembly is given by 

T p = T c + S muT* (19.11) 

where T c = ideal cycle time of the assembly machine, which is the longest assembly task 
time on the machine plus the indexing or transfer time (min), and T d - average downtime 
per occurrence (min). For the case of equal m, and q h 

T p = T c + nmqTj (19.12) 

From the average actual production time, we obtain the production rate, which is the rec- 
iprocal of production time: 

R P =jr (! 9 .! 3 ) 

This is the same relationship as Eq. (18.7) in our previous chapter on transfer lines. How- 
ever,the operation of assembly machines is different from processing machines. In an as- 
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se m bly machine. unless m, = 1.0 for all slations. the production output will include somc 
assemblies wilh onc or more defective eomponents. Accordingly, the production rate should 
be corrccted lo give the rate of acceptable product. that is, those that contain no defects. 
This is simply the yiold P ap multiplied by the production rate R p : 


R 0P - = jr 


ri(i - g, + mq!) 

% 


(19.14) 


whcre R ap = production rate of acceptable product {units/min). When all m : are equal 
and all g, arc equal the corresponding cquation is 


(l - g + mg)" 


(19.15) 


Eq. (19.13) gives the production rate of all assemblies made on the system, including Ihose 
iliat contain onc or more defective parts. Eqs. (19.14) and (19.15) give production rates for 
good product only.The problem still remains that the defective products are mixed in with 
the good units. Wc tnkc up this issuc of inspection and sortalion in Chapter 22 (Seciion 22.5). 

Line effic'iency is cafculated as the ratio of ideal cycle time to average actual pro- 
duction time. This is the same ratio as we defined in Chapter 17 (Eq. (17.6)): 


E = 


R p 

~R C 


T- 

r„ 


(19.16) 


where T p is calculatcd from Eq. (19.11) or Eq.(19.12).The proportion downtime D= 1 - E, 
as before. No attempt has been made to correct line efficiency E for the yield of good as¬ 
semblies. We are treating assembly machine efficiency and the quality of units produced on 
it as separate issues. 

On the olher hånd, the cost per asscmbled product must take account of the output 
quality. Thereforc, the general cost formula given in Eq. (18.12) in the previous chapter 
must be eorrected for yield, as follows: 




C m + C„T p \ C, 


(19.17) 


where C K - cost per good assembly ($/pc): C m = cost of materials, which includes the 
cost of the base part plus eomponents added tu it (J/pc); C„ = operating cost of the as¬ 
sembly system ($/min); T p - average actual production time (min/pc); C, = cost of dis- 
posable (ooling ($/pc): and P ap = yield from Eq. (19.5).The effeet of the denominator is 
to inerease the cost per assembly; as the quality of the indi vidual eomponents deteriorates, 
the average cost per good quality assembly inereases. 

In addition to the traditional ways of indicating line performance (production rate, 
line efficiency. cost per unit), we sec an additional dimension of importance in the form of 
yield. White the yield of good product is an important issue in any automaled production 
line. we sec that it can be explicitly included in the formulas for assembly machine perfor¬ 
mance by mes ns of q and m. 
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EXAMPLE 19.2 Mufti-Station Automated Assembly System 

A ten-station in-line assembly machine has an ideal cycle time = 6 sec. The 
base part is automatically loaded prior to the first station, and components are 
added at each of the stations. The fraction defect rate at each of the 10 sta¬ 
tions is q = 0.01, and the probability that a defect will jam is m = 0.5. When 
a jam uccuis, llie avciagc dowiitiinc is 2 min. Cosl tu opera te the assembly ma- 
chine is $42.00/hr. Other costs are ignored. Determine: (a) average produc- 
tion rate of all assemblies (asb/hr), (b) yield of good assemblies, (c) average 
production rate of good product. (d) uptime efficiency of the assembly ma¬ 
chine, and (e) cost per unit. 

Solution: (a) T t = 6 sec = 0.1 min. The average production cycle time is 
T f = 0.1 + (10)(.5)(.01)(2.0) = 0.2 min 
The production rate is therefore 

R p = ^ = 300 total assemblies/hr 

(b) The yield is given by Eq. (19.7): 

P ap = (1 - .01 + 5 X .01) 10 = 0.9511 

(c) Average production rate of good assemblies is determined by Eq. (19.15): 

R ap = 300(0.9511) - 285.3 good asbys/hr 

(d) The efficiency of the assembly machine is 

E = 0.1;tø.2 = 0.50 = 50% 

(e) Cosl to operate the assembly machine C„ = $42/hr = $0.70/min. 

C A = ($0.70/min)(0.2 min/pc)/0.9511 = $0.147/pc. 


EX AMPLE 19.3 Effect of Variations in q And m on Assembly System Performance 

Let us examine how the performance measures in Example 19.2 are affeeted by 
variations in q and m. First, for m - 0.5, determine the production rate, yield, 
and efficiency for three levels of q: q = 0, q “ 0.01, and q = 0.02. Second, for 
q = 0.01, determine the production rate. yield. and efficiency for three levels of 
m:m = 0,m = 0-5. and m = 1.0. 

Solution: Computations similar to those in Example 19.2 provide the following results: 


0 

m 

ff p (asbys/hr) 

Yield 

R„ fasbys/hr) 

Em 

(per asby) 


0 

0.5 

600 

1.0 

600 

100 

$0.07 

(1) 

0.01 

0.5 

300 

0.9511 

285.3 

50 

$0.147 

(2) 

0.02 

0.5 

200 

0.9044 

180.9 

33.33 

$0.232 

(31 

0.01 

0 

600 

0.9044 

542.6 

100 

$0.077 

(4) 

0.01 

0.5 

300 

0.9511 

285 3 

50 

$0.147 

(5) 

0.01 

1.0 

200 

1.0 

200 

33.33 

$0.21 

(6) 
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Let us discuss ihc results of Example 19..?. The effect of component quality, as indicated in 
the value ot q, is predictabk. As fraciion defect raie increases, meaning thal component 
quality gets worse.all nieasures of perform ancesuffer. Production rate drops, yield of good 
product is reduccd. proportion uptimc decreases, and cost per unit increases 

The effect of m (the probability that a defect will jam the workhcad and cause the as¬ 
sembly machine to stop) is less obvious. At low values of m (m = 0) for the same compo¬ 
nent quality level (q = 0.01), production rate and machine efficiency are high. but yield of 
good product is low. Instead of interrupting the assembly machine operation and causing 
downtime. all defeelive components pass through the assembly process to become part of 
the final product. At m = 1.0, all defeetive components are removed before they become 
part of the product. Therefore. vield is 100%, but removing the defeets takes time, adversely 
affeeting production rate, efficiency, and cost per unit. 

In Section 18.1.4, we discussed two types of control, instantaneous control and mem¬ 
ory control. Memory control is particularly appropriaee for automated assembly machine 
operation. With memory control, the assembly machine is provided with logic that idenli- 
fies when a defeetive component is encountered but does not stop the machine. Instead, it 
remembers the position of the partially assembled unit that is affeeted by the defect, lock- 
ing it out from additional assembly operations at subsequent workstations, and rejects the 
assembly after the last station. By contrast, instantaneous control stops the assembly ma¬ 
chine when a defect (or other malfunctiou) occurs. With the introduction of the variable m, 
we are now in a position to comparc the performancc of the two control types. 

EXAMPLE 19.4 Instantaneous Control vs. Memory Control 

Let us compare the two control modes using the same automated assembly ma¬ 
chine as in Examples 19.2 and 19.3. Fraciion defect rate q = 0.01. Under ideal 
conditions, instantaneous control implies a value of m = 1.0. meaning that every 
defeetive component causes the assembly machine to stop. Likewise, memory 
control means m = 0. As before, cost to operate the assembly machine is 
$42.00/hr, however, cost of additional sensors. Controls, and sortation devices for 
memory control add $ 12.00/hr for this mode of operation. Other costs are ig- 
nored. Compare (a) instantaneous control and (b) memory control on the basis 
of average actual production rate, yield, production rate of good product, up- 
time efficiency, and cost per unit produced. 

Solution: (a) For instantaneous control (m = 1.0) we have already made the calcula- 
tions for this case in line (6) of Example 19.3. 



Yield 


E 

Cpc 

200 

1.0 

200 

33.33% 

$0.21/good asby 


(b) For memory control (m - 0), we have made most of the calculations in line 
(4) of Example 19.3. The only additional computation is cost per unit in 
whieli we include the addition al cost of memory control. 

C„ = $42.00 + $12.00 = |54.00/hr = $0.90/min. 

= ($0.90/min)(0.1 min/pc)/0.9044 = $0.10/good asby 
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R p (asbys! hr) Yield R v (asbys/ hr) E C pc 

600 0.9044 542.6 100% $0.10/good asby 


Memory control hasthe clear advantage in thiscxuuiplc.despite ilte higli- 
er operating costs for the assembly system, [t is assumed that the sortalion sta¬ 
tion is 100% effective; thus the good products. represented in the yield of 0.9044. 
are completely separated from the products that contain one or more defeets. 


In practice. the theoretical values of m will not be realized for the Iwo control lypes. With 
instantaneous control. a portion of the defeetive componenls will slip through undetectcd 
to become induded in the final product, so that the actual value of m will be less than 1.0. 
With memory control, there will be cases of line stops resulting from defeetive componenls 
jamming the machinc in such a way Ihat it cannot continue operation. Hcnce, the actual 
value of m under memory control will be greater than the theoretical value of zero.These 
realities are ignored in the preceding example. 

19.3.3 Single Station Assembly Machines 

The single station assembly system is pictured in Figure 19.1(d).We assume a single work- 
head with several components feeding into the station to be assembled to a base part. Let 
n, = the number of distinet assembly elements that are performed on the machinc. Each 
element has an element lime, T ri , where j = 1.2,... ,n t .The ideal cycle time for the single 
station assembly machine is the sum of the individual element times of the assembly op¬ 
erations tobe performed on the machine plus the handling time to load the base part into 
position and unload the completed assembly. We can express this ideal cycle time as 

T ( = r h + %T ei (19.18) 


where T h = handling time (min). 

Many of the assembly elements involve the addition of a component to the existing 
subassembly. As in our analysis of multiple station assembly, each component type has a cer- 
tain fraction defeet rate q,, and there is a certain probability that a defeetive component 
will jam the workstation m- r When a jam occurs, the assembly machine stops, and it takes 
an average T d to clear the jam and restart the system. The inclusion of downtime resulting 
from jams in the machinc cycle time gives 

T c + ^ qi m,T d (19.19) 

For elements that do not include the addition of a component, the value of q, — 0 and tr.j 
is irrelevant. This might occur. for example, when a fastening operation is performed with 
no part added during element j. In this type of operation, a term p, T d would be included 
in the above expression to allow for a downtime during that element, where p t = the prob¬ 
ability of a station failure during element j. For the special case of equal q and equal m val¬ 
ues for all components added, Eq. (19.19) becomes 
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T p = T, + nmqT d (19.20) 

Dctermining yield (proportion of assemblies that contain no defective components) for 
the single station assembly machine makes use of the same equations as for the multiple 
station systems, Eqs. (19.5) or (19.7). Uptime efficiency is computed as E — TJT p , using 
the values of T, and T p from Eqs. (19.18) and (19.19) or (19.20). 

EXAMPLE 19.5 Single Station .Automatic Assembly System 

A single station assembly machine performs five work elements to assemble 
four components to a base part. The elements are lisled in the lable below, to- 
gether with the fraction defcct rate (c/) and probability of a station jam (m) for 
each of the components addcd (NA: not applicable). 


Element Operation 

Time (sec) 

Q 

m 

P 

1 Add gear 

4 

0.02 

1.0 


2 Ada spacer 

3 

0.01 

0.6 


3 Add gear 

4 

0.015 

0.8 


4 Add gear and mesh 

7 

0.02 

1.0 


5 Fasten 

5 

0 

NA 

0.012 


Time to load the base part is 3 sec, and time to unload the completed assembly 
is 4 sec. giving a total load/unload time of T k * 7 sec. When a jam occurs, it 
takes an average of 1.5 min to clear the jam and restart the machine. Deter¬ 
miner (a) production rate of all product. (b) yield, and (c) production rate of 
good product, and (d) uptime efficiency of the assembly machine. 

Solution: (a) The ideal cycle time of the assembly machine is 

T c = 7 + (4 + 3 + 4 + 7 + 5) = 30 sec = 0.5 min 
Frequency of downtime occurrences is 

F = .02 x 1.0 + .01 x .6 + .015 x .8 + .02 x 1.0 + 0.012 = 0.07 
Adding the average downtime due to jams, 

T p = 03 + 0.07(1.5) = 0.5 + 0.105 = 0.605 min. 

Production rate is therefore 

R p = 60/0.605 = 99.2 total assemblies/hr 

(b) Yield of good product is 

P.„ = (1.0)(0.996)(0.997)(1.0) = 0.993 

(c) Production rate of only good assemblies is 

R Lp - 99.2(0.993) = 98.5 good assemblies/hr 

(d) Uptime efficiency is 

E = 0.5/0.605 = 0.8264 = 82.64% 
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As our analysis suggests, increasing the number of elements in the assembly machine 
cycle results in a higher cyclc time. thcrefore decreasing the production rate of the ma¬ 
chine. Accordingly, applications of the single station assembly machine are limited to medi¬ 
um volume. medium production rate situations. For higher production rates, one of the 
multi-station assembly systems is generally preferred. 

19.3.4 Partial Automation 

Many assembly lines in industry contain a combination of automated and manual work¬ 
stations. These cases of partially automated production lines occur for two main reasons: 

1. Automation is introduced gradually on an existing manual line. Suppose that de¬ 
mand for the product made on a manually operated line inereases, and it is desired 
to inerease prodnetion and reduce labor costs by automating some or all of the sta¬ 
tions. The simpler operations are automated tirst, and the transition toward a fully au¬ 
tomated line is accomplishcd over a long period of time. Meanwhile.the line operates 
as a partially automated system (see Chapter 1, Section 1.5.3). 

2. Certain manual operations are too difficult or too costly to automate. Therefore, 
when the sequence of workstations is planned for the line, certain stations are de¬ 
signed to bc automated, whereas the others are designed as manual stations. 

Examplcs of operations that might be too difficult to automate are assembly proce¬ 
dures or processing steps involving alignment, adjustment, or fine-tuning of the work unit. 
These operations often require special human skiils and/or senses to carry out. Many in- 
spection procedures also fall into this category. Defects in a product or part that can be eas- 
ily perceived by a human inspector are sometimes extremely difficult to identify by an 
automated inspection device. Another problem is that the automated inspection device 
can only check for the defects for which it was designed, whereas a human inspector is ca- 
pable of sensing a variety of unanticipated imperfeetions and problems. 

To analyze the performancc of a partially automated production line.we build on 
our previous analysis and make the following assumptions: (1) Workstations perform either 
processing or assembly operations; (2) processing and assembly times at automated stations 
are constant, though not necessarily equal at all stations; (3) synchronous transfer of parts; 
(4) no intemal buffer storage; (5) the upper-bound approach (Section 18.3.2) is applicable; 
and (6) station breakdowns occur only at automated stations. Breakdowns do not occur at 
manual stations because the hnman workers are flexible enough, we assume, to adapt to 
the kinds of disruptions and malfunctions that would interrupt the operation of an auto¬ 
mated workstation. For example, if a human operator were to retrieve a defeetive part 
from the parts bin at the station, the part would immediately be discarded and replaced by 
another without mueh lost time. Of course, this assumption of human adaplability is not al- 
ways correct, but our analysis is based on it. 

The ideal cycle time T c is determined by the slowest station on the line. which is gen¬ 
erally one of the manual stations. If the cycle time is in faet determined by a manual sta¬ 
tion, then T- will exhibit a certain degree of variability simply because tbere is random 
variation in any repetitive human aclivity. However, we assume that the average T c re- 
mains constant over time. Given onr assumption that breakdowns occur only at automat¬ 
ed stations, let n„ = the number of automated stations and T d = average downtime per 
occurrence. For the automated stations that perform processing operations, let p t = the 
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probabilitv (frequency) of breakdowns per cyde; and for automated stations that perform 
assembly operations, let q, and m, equai, respectively, the defect rate and probability that 
the defect will cause station i to stop. We are now in a position to define the average actu- 
al production lime: 


T„=T ( + 'Zp.T, (19.21) 

where the summation applies to the n„ automated stations only. For those automated sta¬ 
tions that perforra assembly operations in which a part is added, 


If all p„ m,, and q, are equai, respectively to p. m, and q, then the preceding equations re- 
duce to the following: 


T p = T, + n.pT d (19.22) 

and p = mq for those stations that perform assembly consisting of the addition of a part, 
Given that n Q is the number of automated stations, then n w = the number of stations 
operated by manual workers. and n a + n„. = n. where n = the total station count. Let 
C a „ = cost ;o operate automatic workstation i (S/min), C u ,, = cost to operate manual 
workstation i ($/min), and C„, = cost to operate the automatic transfer mechanism.Then 
the total cost to operate the line is given by: 


c 0 = c a + 2 c* + Se* 


(19.23) 


where C„ = cost of operating the partially aulomated production system ($/min). For all 
Ca>, = C ni , and all C ui = C„., then 

C„ * C„ + n a C as + n w C a (19.24) 


Now the total cost per unit produced on the line can be calculated as follows: 


c „ 


C m + C„T e + C, 

'K, 


(19.25) 


where = cost per good assembly ($/pc), C m = cost of materials and components being 
processcd and assembled on the line ($/pc), C„ = cost of operating the partially auto¬ 
mated production system by either of Eqs. (19.23) or (19.24) ($/min), T p = average actu- 
al production time (min/pc). C, = any cost of disposable tooling ($/pc), and 
P ap = proportion of good assemblies by Eqs. (19.5) or (19.7). 

EXAMPLE 19.6 Partial Automation 

It has been proposed to replace one of the current manual workstations witft an 
automatic workhead on a ten-station production line. The current line has six 
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auiomatic stations and four manual stations. Current cycle time is 30 sec. The 
limiting process time is at the manual station that is proposed for replacement. 
lmplemcnting the proposal would allow the cycle time to be reduced to 24 sec. 
The new station would cost $0.20/min. Other cost data: C,„ = $0.15/min, 
= $0.10/min, and C* = $0.12/min. Breakdowns occur at each automated 
station wilh a probabilily p - 0.01. The new automated station is expected to 
have the same frequency of breakdowns. Average downtime per occurrence 
T a = 3.0 min, which will be unaffected by the new station. Material costs and 
tooling costs will be neglected in the analysis. It is desired to compare the cur¬ 
rent line with the proposed change on the basis of production rate and cost per 
piecc. Assume a yield of 100% good product. 

Solution: For the current line, T e = 30 sec » 0.50 min. 

T„ = 0.50 + 6(0.01 )(3.0) = 0.68 min. 

R p = 1/0.68 = 1.47 pc/min = 88.2 pc/hr. 

C„ - 0.12 + 4(0.15) + 6(0.10) = $1.32/min. 

C,* = 132(0.68) = $0.898/pc. 

For the proposed line, T e * 24 sec = 0.4 min. 

T p - 0.40 \ 7(0.01 )(3.0) - 0.61 min. 

R p = 1/0.61 = 1.64 pc/min = 98.4 pc/hr. 

C a = 0.12 + 3(0.15) + 6(0.10) + 1(0.20) = $1.37/min. 

C,* - 1.37(0.61) = $0.836/pc. 

Even though the line would be more expensive to operate per unit time, the 
proposed change would inerease production rate and reduce piece cost. 


Storage Buffers. The preceding analysis assumes no buffer storage between sta¬ 
tions. When the automated portion of the line breaks down, the manual stations must also 
stop for lack of workparls (either due to starving or blocking, depending on where the 
manual stations are located relative to the automated stations). Performance would be im- 
proved if the manual stations could continue to operate even when the automated stations 
stop for a temporary downtime incident. Storage buffers located before and after the man¬ 
ual stations would reduce forced downtime at these stations. 

EXAMPLE 19.7 Storage Buffers on a Partially Automated Line 

Considering the current line in Example 19.6, suppose that the ideal cycle time 
for the automated stations on the current line T c = 18 sec. The longest manu¬ 
al time is 30 sec Under the method of operation assumed in Example 19.6, both 
manual and automated stations are out of action when a breakdown occurs at 
an automated station. Suppose that storage buffers could be provided for each 
operator to insulate them from breakdowns at automated stations. What effeet 
would this have on production rate and cost per piece? 

Solution: Given T c = 18 sec = 03 min, the average actual production time on the auto¬ 
mated stations is computed as follows: 



Sec. 19.3 / QuantitativeAnalysis of Assembly Systems 


T p = 030 + 6(0.01 )(3.0) = 0.48 min. 

Sincc this is less than the longest manual time of 0,50, the manual operations 
could work indcpcndenlly of the automated stations if storage buffers of suffi- 
cicnl eapacity were placed before and after each manual station. Thus, the lim- 
iting cvcle time on the line would be T c = 30 sec = 0.50 min, and the 
corresponding production rate would be: 

R p = R t = 1/030 = 2.0 pc/min = 120.0 pc/hr. 

Ustng the line operating cost from Example 19.6, C„ = $1.32/min, we have a 
piecc cost of 

C„ = 132(0.50) = $0.66/pc. 

Comparing with Example 19.6. one can see that a dramatic improvement in 
production rate and unit cost is achieved through the use of storage buffers. 


19.3.5 What the Equations Tell Us 

The equations dcrivcd In this section and their application in our examples reveal several 
practical guidelines for the design and operation of automated assembly systems and the 
products made on such systems. Wc State these guidelines here: 

• The parts delivery system at each station must be designed to deliver components to 
the assembly operation at a net rate (parts feeder multiplied by pass-through pro¬ 
portion of the selector/orientor) that is greater than or equal to the cycle rate of the 
assembly workhead. Otherwise, assembly system performance is limited by the parts 
delivery system rather than by the assembly process technology. 

• The qualily of components added in an automated assembly system has a significant 
effeel on system performance.The effeet of poor quality, as represented by the frac- 
tion defeet rate, is either to: 

(1) cause jams at stations that stop the entire assembly system, which has adverse 
effeets on production rate, uptime proportion, and cost per unit produced, or 

(2) cause the assembly of defeetive parts in the product which has adverse effeets on 
yicld of good assemblies and product cost. 

• As the nutnber of workstations inereases in an automated assembly system, uptime 
cfticiency and production rate tend to decrease due to parts quality and station reli- 
abilily effeets. This supports the Modularity Principle in Design for Automated As¬ 
sembly (Scction 19.2) and reinforces the need to use only the highest quality 
components on automated assembly systems. 

• The cycle time of a multi-station assembly system is determined by the slowest sta¬ 
tion (longcst assembly task) in the system. The number of assembly tasks to be per- 
formed is important only insofar as it affeets the reliability of the assembly system. 
By comparison. the cycle time of a single station assembly system is determined by 
the sum of the assembly element times rather than by the longest assembly element. 

• By comparison with a multi-station assembly machine, a single station assembly sys¬ 
tem with the same number of assembly tasks tends to have a iower production rate 
but a higher uptime efficiency. 
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Multi-station assembly systems are appropriate for high production applications and 
long production runs. By comparison. singie station assembly systems have a longer 
cycle time and are more appropriate for mid-range quantities of product. 

Storage buffers should be used on partially automated production lines to isolate the 
manual stations from breakdowns of the automated stations. Use of storage buffers 
will incrcase production rates and reduce unit product cost. 

An automated station should bt subslituted for a manual station only if it has the ef- 
feet of reducing cycle time sufficiently to offset any negative effeets of lower reliability. 
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Parts Feeding 

19.1 A feeder-sclecior device at one of the stations ot an automatcd asse ni bly machine has a feed 
rate / = 25 parts/min and provides a throughput of one part in four (0 - 0.25). The ideal 
cyde time of thc assembly machine is 10 sec. The Jow level sensor on the Iced track is set at 
10 parts and the high level sensor is set at 20 parts (a) How long will it take for the supply 
of parts to be depleted from the high level sensor to thc low level sensor once the feeder- 
selector device is (limed off? (b) How long will it take for the parts to bc resupplied from 
the low level sensor lo the high level sensor, on average, after the feeder-selector device is 
tiimed on? (c) What proportion of the lime tliat ihe asscmbly machine is operating will the 
feeder-selector device be turnet! on? Turned off? 

192 Solve Problem 19.1 except use a feed rate f = 32 parts/min. Note the importance of tuning 
the feeder-selector rate to the cycle rate of the asscmbly machine. 

193 A synchronous asscmbly machine has eight stations and must produce at a rate of 400 com- 
plcted assemblies pet hour. Average downtime per jam is 2.5 min. When a breakdown oc- 
curs, all subsystems (induding the feeder) stop. The frequency of breakdowns of the machine 
is once every 50 cycle s. One of the eight stations is an automatic assembly operation that uses 
a feeder-selector. The components fed into thc selector can have any of five possible orien- 
laf ions. fsrh with equal probahility. butonly one if correct for passage into the feed track tc 
the assembly workhead. Parts rcjectcd by the selector are fed back into thc hopper. What min¬ 
imum rate must the feeder deliver components to the selector during system uptime to keep 
up with the assembly machine? 

Multi-Station Assembly Systems 

19.4 A dial indexing machine has six stations that perform asscmbly operations on a base part. 
The operations, element times, q and m values for components added are given in the table 
below (NA means q and m are not applicable to the operation), The indexing time for thc 
dial tabte is 2 sec. When a jam occurs.it requires 1.5 min lo release the jam and put the ma¬ 
chine back in operation. Determine: (a) production rate for thc assembly machine,(b) yield 
of good product (final assemblies containing no defeetive components), and (c) proportion 
uptime of the system. 


Station 

Operation 

Element Time (sec) 

<7 

m 

y 

Add part A 

4 

0.015 

0.6 

2 

Fasten part A 

3 

NA 

NA 

3 

Assemble part B 

5 

0.01 

0.8 

4 

Add part C 

4 

0.02 

1.0 

5 

Fasten part C 

3 

NA 

NA 

6 

Assemble part D 

6 

0.01 

0.5 


19^5 An eight-station assembly machine has an ideal cycle time of 6 scc. The fraction defeet rate 
at each of the eight stations is q = 0.015, and the system operates using the instantaneous 
Control strategy. When a breakdown occurs, it takes 1 min, on average, for the system to be 
put back into operation. Determine the production rate for the assembly machine, the yield 
of good product (final assemblies containing no defeetive components), and proportion up¬ 
time of the system. 

19.6 Solve Problem 19.5 only assuming that memory control is used rather than instantaneous Con¬ 
trol. Other data are the same. 
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19.7 Solve Problem 19.5 only assinning ihat m = 0.6 for all stations. Other dala are tbe same. 

19-8 A six-station automatic assembly machinc bas an ideal cytle time of 12 sec. Downtimc oc- 
curs for two reasons. First, mechanical and electrical failures of thc workheads occur with a 
frcquency of once per 50 cycles. Aserage downtime for these causes is 3 min. Second, defective 
components also result in downtime. The fractioi defeet rate of each of the six components 
added to the base part at the six stations is q = 2%. The probability that a defective com 
ponert will cause astation jam is/n = 0.5 for all stations. Downtime per occurrence for de¬ 
fective parts is 2 min. Determine: (a) vield of assemblies that are free of defective components, 
(b) proportion of assemblies that contain at least one defective component, (c) averagc pio- 
duction rate of good product, and (d) uptime efficiency. 

19.9 An eight-station automatic assembly machina has an ideal cycle time of 10 sec. Downtime 
iscauscd by defective parts jamming at the indi vidual assembly siaiions.Thc average down¬ 
time per occurrence is 3.0 min.The fraction defeet rate is 1.056, and the probability that a de¬ 
fective part will jam at a given station is 0.6 for all stations The cost to operate ihe assembly 
machine is J90.00/hr, and the cost of components being assembled is $.60/unit assembly. 
Ignore other costs. Determine: (a) yield of good assemblies, (b) average production rate of 
good assemblies. (c) proportion of assemblies with at least one defective componenl, and 
(d) unit cost of the assembled product. 

19.10 An automated assembly machine has four workstations. The first station presents thc base 
part, and the other three stations add parts to the base The ideal cycle time for thc machine 
is 15 sec, and the averagc downtime when a jam results from a defective part is 3.0 min. The 
fraction defective rates (q) and probabilifies that a defective part will jam the station m are 
given in the following table. Quantities of 100,000 for each of the bases, brackels, pins, and 
retainers are used to stock the assembly line for operation. Determine: (a) proportion of 
good product to total product coating o/f Ihe line, (b) production rate of good product Corn¬ 
ing off the line, and (c) total number of final assemblies produced, given thc starting com¬ 
ponent quantities. Of the total, how many are good products, and how many are products that 
contain at least one defective component? (d) Of the number of defective assemblies de¬ 
termined in part (c), how many will have defective base parts? How many will have defec¬ 
tive brackets? How many will have defective pins? How many will have defective retainers? 


Station Part Identification q m 


Base 0.07 1.0 
Bracket 0.02 1.0 
Pir> 0.03 1.0 
Rstainer 0.09 0.5 


19.11 A six-station automatic assembly machine has an ideal cycle time of 6 sec. Al stations 2-6, 
parts feeders deliver components to be assembled to a base part that is added at the first sta¬ 
tion. Each of stations 2-6 is identical. and the five components are identical; that is, the com¬ 
pleted product consists of the base part plus the five components. The base parts have zero 
defeets, but the other components are defective at a rate g. When an attempl is made to as- 
semble a defective component to the base part. the machine stops (m = 1.0). It takes an 
average of 2.0 min to make repairs and start the machine up after each stoppage. Since all 
components are identical, they are purchased from a supplier who can control the fraction 
defeet rate very closely. However, the supplier charges a premium for belter quality.The 
cost per component is determined by the following equation: 


Cost per component = 0.1 + —- 
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where q = the fraclion defecl rate. Cost of the base part is 20 cents. Accordingly, the total 
costof the base part and the five components is: 

0.006 

Product material cost = 0-70 + —-— 

The cost to operale the automatic assembly machine is $150.00/hr.Thc problem facing the 
production manager is this: As the componcnt quality decreases (q inereases), the down 
time inereases, which drives production costs up. As the quality improves (q decreases), the 
material cost inereases becauseof the price formula used by the supplier.To min imize total 
cost. llie optimum value of q mast be determined. Determine by analytical methods (rather 
than by trial-and-error) the value of q that min imizes the total cost per assembly. Also, de¬ 
termin« the associated cost pet assembly and production ratc.(Ignorc other costs). 

19.12 A six-station dial indexing machine is designed to perform four assembly operations at sta¬ 
tions 2-5 alter a base part has been manually loaded at station I. Station 6 is the unload sta¬ 
tion. Each assembly operation involves the attachment of a componem to the existing base. 
At cach of the four assembly stations, a hopper-feeder is used (o deliver components to a se¬ 
lector device that separates components thai are improperly oriented and drops them back 
into the hopper.The system was designed with the operating parameters for stations 2-5 as 
given in the following table. It takes 2 scc to index the dial from onc station position to the 
ncx:. When a componem jam occurs, it takes an average of 2 min to rclease Ihe jam ard 
restart the system. Line stops due to mcchanksd and electrical failures of the assembly ma- 
chme are not sigmficant and can be neglected.Thc toreman says the system was designed 
to produce at a certain hourly rate, which takes into account the jams resulting from defee- 
tive components. However. the actual delivery of fmished assemblies is far helow thai de¬ 
signed production rate. Analyze the problem and determine the following.(a) What is the 
designed average production rate that the foreman alluded to? (b) What is the proportion 
of assemblies coming off the system that contain one or more defeetive components? 
(c) What seems to be the problem that limits the assembly system from aehieving the ex- 
pected production rate? (d) What is the production rate that the system is actually achiev- 
ing? State any assumptions that you make in determining your answer. 


Station 

Assembly Time (sec) 

Feed Rate f (per min) 

Selector 8 

a 

m 

2 

4 

32 

0.25 

0.01 

1.0 

3 

7 

20 

0.50 

0.005 

0.6 

4 

5 

20 

0.20 

0.02 

1.0 

5 

3 

15 

1.0 

0.01 

0.7 


19.13 A siv-station assembly machine has an ideal cycle time = 9 sec.The cost of individual com- 
ponents is low. and the fraclion defeet rate at each of the six stations is q - 0.02. When a 
breakdown occurs. il takes an average of 2 min for the system to be put back into operation. 
A decision must be made whether the system should be operaled under memory control or 
instantaneous control. For both of these strategies, determine: (a) production rate of good 
assemblies. (b) yield of good product (proportion of final assemblies containing no defeetive 
components), and (c) proportion of uptime of the assembly system. Which conirol would you 
recommend and why? 

19.14 For Example 19.5, dealing with a single station assembly system, suppose that the sequence 
of assembly elements were to be accomplished on a seven-station assembly system with syn- 
chronous parts transfer. Each element is performed at a separate station (stations 2-6), and 
the assembly time at each respectjve station is the same as the element time given in Example 
19.5-Assume that the handling time is dirided evenly (3.5 sec each) between a load station 
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(station 1) and an unk>ad station (station 7).Thc transfer time T r = 2 sec, and the average 
downtime per downtime occurrcncc is T d = 2.0 min. Dctermine: (a) produclion rate of all 
completed units, (b) yield. (c) production rate of good quality completcd units, and (dl up 
time cfficiency. 

Single Station Assembly Systems 

19.15 A »ingle station assembly machine is to bc considered as an alternative to the dial indexing 
machine in Problem 19.4. Use the data given in the table of Problem 19.3 to determine: 
(a) production rate, (b) yield of good product (final assemblies containing no dcfcctivc com- 
ponents), and (c) proportion uptime of the system. Handling time to load the base part and 
unloadthc tinished assembly is 7 sec and the downtime averages 1.5 min every time a com- 
ponent jams.Why is the proportion uptime so mueh higher than in the case of the dial in¬ 
dexing machine in Problem 19.4? 

19.16 A single station robotic assembly system performs a series of five assembly elements, each 
of which adds a different componcnt to a base part- Each element takes 6 sec. In addition, 
the handling time needed to move the base part into and out of position is 4 sec. For iden- 
tification. the components. as well as the elements that assemble them, are numbered 1.2, 
3,4, and 5.The fraction defeet rate q = 0.005 for all components, and the probability of a jam 
by a defeetive component m - 0.7. Average downtime per occutrcncc = 5.5 min . Deler¬ 
mine: (a) production rate, (b) yield of good product in the output.(c) uptime efficiency.and 
(d) proportion of the output thal conlains a defeetive type 3 componcnt. 

19.17 robotic assembly cell uscs an industnal robot to perform a series of assembly operations The 
base part and parts 2 and 3 are delivered by vibratory bowl feeders that use selectors lo en- 
sure thit only properly oriented parts are delivered to the robol for assembly. The robot 
cell performs the elements in the following table (aiso given are feeder rates, selector pro¬ 
portions. element times fraction defeet rale q, probability of jam m, and, for Ihe last element, 
the frequenev of downtime incidents p). In addition to the times given in the table, the lime 
required to unload the complcted subassembly lakes 4sec.When a linestop nccurs, it takes 
an average of 1.8 min to make repairs and resiart the cel. Determine: (a) yield of good prod¬ 
uct. (b) average production rate of good product, and (c) uptime cfficiency for the cell. State 
any assumptions you must make about the operation of the cell lo solve (he problem. 


Element 

Feed Rate fipc/min) 

Selector 9 

Element 

Time T, <sec) 

Q 

m 

P 

1 

15 

0.30 

Load base part 

4 

0.01 

0.6 


2 

12 

0.25 

Add part 2 

3 

0.02 

0.3 


3 

4 

25 

0.10 

Add part 3 

4 

3 

0.03 

0.8 

0.02 


Partisi Automation 

19.18 A partially automated production line has a mixture of three mechanized and three manu¬ 
al workstations. There are a total of six stations, and the ideal cycle time 7, = l.Omin, which 
includes a transfer time T, = 6 sec. Data on the six stations are listed in the following table. 
Cost of the transfer mechanism C* = $0.10/min. cost to run each aulomated station 
C„ = $0.12/min, and labor cost to operate each manual station C*. = $0.17/min. It has been 
proposed to substitute an aulomated station in place of station 5. The cost of this station is 
estimated at = $0-25/min, and its breakdown rate P s = 0.02, bul its process time would 
be only 30 sec, thus reducing the overall cycle time ot the line from 1.0 min to 36 sec. Aver¬ 
age downtime per breakdown of the current line as well as the proposed configuration is 
Tj = 3.5 min. Determine the following for the current line and the proposed line: (a) pro- 
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d action rate. (b) proportion uptime, and (c) cost per unit. Assume the line operates without 
storage buffers.so when an aulomated station stops, the whole line stops, including the man¬ 
ual stations. Also. in ccmputing costs. neglect material and toulijag costs. 


Station 

Type 

Process Time lsec> 

P, 


Manual 

36 

0 

2 

Automatic 

15 

0.01 

3 

Automatic 

20 

0.02 

4 

Automatic 

25 

0.01 

6 

Manual 

54 

0 

6 

Manual 

33 

0 


19.19 Keconsider Problem 19.16 exccpt that both the current line and the proposed line will have 
storage buffers before and after the manual stationa The storage buffers will be of suffi¬ 
cient .capacity to allow these manual stations to operate ind’ependentiy of the automated 
portions of the line. Delermine: (a) production rate. (b) proportion uptime, and (c) cost per 
unit for the current line and the proposed line. 

19.20 A manual assemblv line has six staiions.The assembly time at each manual station is 60 sec. 
Parts arc transferred by band from one station to the next, and the lack of discipline in this 
raothod adds 12 sec (IT, = 12 scc) to the cycle time. Hence, the current cycle time is 
T, - 72 sec.Thc tollowing two proposals have been made: (1) Install a mechanized trans¬ 
fer system tn pace the line, and (2) automate one or mote of the manual stations using ro¬ 
bots that would perfomt the same tasks as humans only faster. The second proposal requires 
the mechanized transfer system of the first proposal and would result in a partially or fully 
aulomated assembly line.The transfer system would have a transfer time T, * 6 sec,thus re- 
ducing the cyclc time on the manual line lo T, = 66 sec. Regarding the second proposal, ail 
six stations are candidaies for automation. Each automated station would have an assembly 
time ol 30 scc. Thus, if all six stations were automated, the cycle time for the line would be 
T “ 36 scc.There arc differences in the quality of parts added at the stations; these data arc 
given fot cach station in the following table for (q = fraction defeet rate, m =■ probability 
that a defeet will jam the station). Average downhmc per station )am at the automated sta¬ 
tions Tj = 3.0 min . Assume thai the manual stations do not expenence line stops due to de- 
feetive componenls. Cost data: C„ = $0.10/min; C. = J0.20/min; and C„, “ $0.l5/min. 
Dcternune if cithcr or both of the proposals should be accepted. If the second proposal is 
acccptcd, how many stations should be automated and which ones'/ Use cost per piece as the 
crilerion of your decision. Assume for all cases considered that Ihe line operates without 
storage buffers, so when an aulomated station stops, the whole line stops, including the man¬ 
ual stations. 


Station ø, m, Station q. 


1 0.005 1.0 4 0.020 1.0 

2 0.010 1.0 5 0.025 1.0 

3 0.015 1.0 6 0.030 1.0 


19.21 Solve Problem 19.20, cxcept Ihat the probability that a defeetive part will jam the automat¬ 
ed station is m = 0.5 for all stations 
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In the I980s. the issue of quality control (QC) became a national concem in the United 
Slates.The Japanese automobile industry had demonstrated that high-quality cars could be 
produced at relatively low cost. This combination of high quality and low cost was a con- 
tradiction of conventional wisdom in the United States, where Lt was always believed that 
superior quality is aehieved only at a premium price. Cars were perhaps the most visible 
product area where the Japanese exceled, but there were other areas as well. such as tele¬ 
visions. video cassette recorders, audio equipment, small appliances, 35 mm cameras, ma- 
chine tools, and industrial robots. In some of these markers, the Japanese have become so 
dominant that there are few if anv U.S- manufacturers remaining. 

Of course, there were skeptics wbo initially argued that the lotver wage rates in Japan 
gave their producls a competitive advantage over those made in America. Wbtle Japanese 
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wages were in faet lower at that time. the argument obscured the reality that Japanese 
Products were not only chcapcr. they were better quality. How did the Japanese achieve such 
great success in manufacturing, an accomplishment made even more remarkable by the 
faet that their inJustries were virtually wiped out during World War II?There is no single 
answer thai explains their success. It was a combination of factors, including: (1) a well de- 
velopcd work ethic and orientation loward quality thal is instilied into the Japanese work- 
cr.(2) design features incorporaied into Japanese products that reduce labor content and 
inerease reliabilily and quality', (3) a philosophv of cominuous improvement (the Japanese 
call it kaizen). and (4) attention to the use of OC techniques. some of which were impoil- 
ed from the United States, whereasothers were uniquely Japanese (Historical Note 20.1). 

In the United States, quality control has traditionally been concemed with detecting 
poor quality in manufactured products and taking corrcctive action to eliminate it. Oper- 
ationally.QC has oflen been limited to inspection of the product and its components and 
deciding whether the measured or gaged dimensions and other features conformed to de¬ 
sign specifications. If they did, the product was shipped. The modem view of QC, derived 
largely from the Japanese influence. encompasses a broader seupe of activities that are ac- 
complished throughout the enterprise. not just by the inspection department. The term 
quality assurance suggests this broader scope of activities that are implemcntcd in an or- 
ganization to ensure that a product (or service) will satisfy (or even surpass) the require- 
ments of the customer. 

This part oi the book contains four chapterson quality control systems. The position 
of the quality control systems in the larger production system is shown in Figure 20.1. Our 
block diagram indicates that QC is one of the manufacturing support systems, but that it 
also consists of facilities—inspection equipment used in the factory. The present chapter 
addresses the broad issue of quality assurance, with an emphasis on product design. Sub- 
sequent chapters deal with quality systems in production operations. The topics include 
statistical process control,inspection and measurement, and the various technologies used 
to accomplish inspection, such as coordinate measuring machines and machine vision. Let 
us begin by attempting to define "quality"—that somewhat nebulous factor that we are 
attempting to control and ensure. 



Figure 20.1 Quality control systems in the larger production 
system. 
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20.1 QUALITY DEFINED’ 

The dictionarv’ defines quality as “the degree of excellence which a thing possesses,'’ or 
"the features that make something what it is”—its characteristic elements and atlributes. 
Crosby defines quality as “conformancc to requirements’’ [2j. Juran summarizes it as “fit- 
ness for use" and “quality iscustomer satisfaction" [8].The American Society for Quality 
Control (ASQC) defines quality as “the totality of features and characteristics of a prod- 
uct or service that bear on its ahilily to satisfy given needs" (3). 


20.1.1 Dimensions of Quality 

The meaning of quality cannot easily be captured in a simple short statement. To sharpen 
the definition.Garvin defines eight dimensions of quality that are applicable in particular 
to a manufacturcd product |4): 

1. Performance. Performance refers lo the totality of the product's operating charac- 
teristics. For example, in an automobile, it refers to factors such as acceleration, top 
speed, braking distance, steering and handling, and ride. 

2. Features These refer to the special characteristics and options that are often intended 
by the designer to distinguish the product from its competitors. In a television, these 
features might include a larger viewing screen and ‘ picture-in-picture.'’ 

3. Aeslhetic appeal. This usually refers to the appearance of the produel. How pleasing 
is the product to the senses, especially the visual sense? A car's body style, front grille 
treatment. and color influence the customer's aesthetic appeal for the car. 

4. Conjormance This is the degree to which the product's appearance and tunetion con- 
form to preestablished standards The term workmanship is often applicable here. In 
an automobile,conformance includes the body's fit and finish and absence of squeaks. 

5. Reliability. Reliability in a product ineans that it is always available for the customer 
and that it lasts a long time before final failure. In a car, it is the quality factor that al- 
lows the car to be started in cold weather and the absence of maintenance and repair 
visits to the dealer. 

6. Durability. lfthe product and its coniponents last a long time despite heavy use, then 
it possesses durability. Signs of durability in a car includc a motor that continucs to 
run for well over 100,000 miles, a body that does not rust, a dashboard that does not 
crack, and upholstery fabric that does not wear out after many years of use. 

7. Serviceability. How easy is the product to service and maintain? Many products have 
becomc so complicated that the owner cannot do the servicing.The product must be 
taken back to the original dealer for service. Accordingly, serviceability includes such 
factors as the courtesy and promptness of the service provided by the dealer. 

8. Perceived tjua/rry.Thisis a subjective and intangible factor that may include the cus¬ 
tomer's perception (whether correct or not) of several of the preceding dimensions. 
Perceived quality is often influenced by advertising, brand recognition, and the rep¬ 
utation of the company making the product. 


1 Portions ot this section aie tased on Groover [6], Seel ion 42.1. 

‘ Webster*Nar World Dictlenary. Third College EiStion, Simon & Schusler, Inc., New York, 1988. 
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20.1.2 Quality in Design and Manufacturing 

Juran and Gryna dislinguish two aspects of quality in a manufactured product [8]: (1) prod- 
uct features and (2) freedom from deficiencies. Product features arc thc characteristics of 
a product that result from design; they are the functional and aesthctic features of the prod¬ 
uct intendcd to appeal to and piovide satisfactiiMi lo llie customer. In an automobile, lliese 
features include the size of the car. the arrangement of the dashboard, the fit and finish of 
the body, and similar aspects.They also include the available options for the customer to 
choose. Table 20.1 lists some of the important general product features. The reader will 
note a similarity between the terms used in this table and the dimensions of quality in the 
preccding section. In our tablc, we have highlighted the overlapping terms in italics. 

The sum of thc features of a product usually defines its grade, which relates to the level 
in the market at which the product is aimed. Cars (and most other products) come in dif- 
ferent grades. Certain cars provide basic transportation because that is what some cus- 
tomers want,while others are upscale for consumers willing to spend more to own a "better 
product.”The features arc decided in design, and they generally determine the inherent cost 
of the product. Superior features and more of them translates to h'tgher cost. 

Freedom from deficiencies means that the product does what it is supposed to do 
(within the limitations of its design features) and that it is absent of defeets and out-of-tol- 
erance conditions (see Table 20.1). This aspect of quality applies to the individuai compo- 
nents of the product as well as to the product itself. Achieving freedom from deficiencies 
means producing the product in conformance with design specifications, which is the re- 
sponsibility of the manufacturing departments. Although the inherent cost to make a prod¬ 
uct is a funetion of its design, minimizing the product's cost to the lowest possible level 
within the limits set by its design is largely a matter of avoiding defeets, tolerance devia¬ 
tions, and other errors during production. Costs of these deficiencies include scrapped 
parts, larger lot sizes for scrap allowances, rework, reinspection. sortation, customer com- 
plaints and returns, warranty costs and customer allowances. losl sales, and lost good will 
in the marketplace. 


TABLE 20.1 Aspects of Quality* 


Qua/rtyAspecf 

Examples 

Product features 

Design configuration, size, weight 
Funetion and perlormance 
Distinguishing features of the model 

Aestfietic appeal 

Ease of use 


Availability of options 


Reliability and dependabitity 

Durability and long service life 
Serviceability 

Reputation of product and producer. 

Freedom from deficiencies 

Absence of defeets 


Conformance to specifications 
Components within tolerance 

No missing parts 

No early faiiures 


•Terms in italics refer to tha dimansions of quality in Section 20 11. 
Source: Compiled from 181 and other sources. 
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Thus, product features are the aspeet of quality for which the design department is 
responsiWe. Product features determine to a large degree the price ihat a company can 
charge for its products. Freedom from deficiencies is the quality aspect for which the man¬ 
ufacturing departments are responsiWe. The ability to minimize these deficiencies has an 
imporlant influencc on the cost of the product. These are generalities thul ovcrsimplifv 
the way things work. because the responsibility for high quality extends well bevond the 
design and manufacturing funetions in an organi/ation. 


20.2 TRADITIONAL AND MODERN QUALITY CONTROL 

The principles and approaches to QC have evolved during the twenlieth century. although 
quality and workmanship have been issues for thousands of years (Historical Note 20.1). 
Early applications of QC were associated with the developing field of statistics. Since 
around 1970, world competition and the demand of the consuming public for high quality 
products has resulted in what we will call a modern view of QC. 


Historical Note 20.1 Quality Control [3], [10], [11] 

Recognition of the importance of quality dates from ancicnt times. The Egyptians cut stoncs 
for their pyramids so accuraiely thai they must have developed principles of mcasurement. 
prccision, and QC. The craftsmen of ancicnt Romc and the Middle Agcs understood their 
trades and built quality into their products to avoid “customcr complaints " 

Around 1600. Eli Whitncy was awarded a contract from the U.S. Government to supply 
10,000 muskets in two years using interchangeable paris (the "uniformity principle,” as Whit- 
ney called it). This principle rcpresenied a new technology in the early nineteenth century, 
and it requiied mueh greater precision and repeatability in the making of components than had 
prcviously been achieved. Whitney completcd the contract, but not until ten years latcr. He did 
it by using fixtures and gages designed to make the parts more accurately.The importance of 
interchangeable parts cannot be ovcrsiated in the evolution of modern manufacluring. 

Quality control as pracliced today dates from less than a century ago. Bell Telephone in 
the United States led the devclopmeni. An inspection department was formed in the early 
I900s al Western Electric Company (the manufacturing division of Bell Telephone at that time) 
to support the telephone operating companies. Workers in this department were subsequent- 
ly transferred to the Bell Laboratoriet where they developed new theories and procedures 
for QC Around 1924. W. Shcwhart developed control charts (Sections 20.2.1 and 21.2). In 
1928. H. Dcidge and H. Romig developed acceptance sampling techniques (Sections 20.2.1 
and 22.2.1). 

During World War 11, the United States began applying sampling procedures to militarv 
suppliers. Bell Laboratories developed sampling plans for the U.S. Army that subsequently 
bccame the military standards Statislical quality control (SQC) became widely adopted by 
U.S. industry.The American Society for Quality Control (ASQC) was founded in 1946 through 
the mergcr of several other quality societies. During the 195Os sevend significant books on 
quality were published. including the works of E Grant and A. Duncan, A. Feigenbaum. and 
J. Juran and F. tiivna. 

Immediately after World War II, Japan's manufacturing industries were in disarray. Prod¬ 
ucts built in Japan during ihat period were noted for their poor quality. During the latc 1940s 
and early 1950s W. Deming ond J. Juran were invited to Japan lo inlroducc SQC and quality 
management principles lo Japanese industry. Following their advice, Japanese manufacturers 
gradually improved their quality systems During the 1950s and 1960s G. Taguchi in Japan de¬ 
veloped new concepts of quality control and design of experiments. His coneept of quality 
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control exlended fromproduci design through prod action and even to customer relations (Sec- 
tion 20.3.1). K. Ishikawa developed the cause-and-cffect diagram (Section 21.3.6) around 1950. 
The approach to product development and design called quality functlon deployment was in- 
troduced in Japan by Y. Akao in 1966 (Scction 244) By the I980s. Japanese products were 
penetrating Western markets with great success due to their higher qualily.The Japanese suc- 
cess was duc largely to their quest for continual improvement in their products and processcs. 

During the late 1980s, the quality movement had taken a firm hold in the United States, 
largely as a conscqucnce of Japanese competition. In 1987, an international standard on qual¬ 
ity systems, ISO 9000 (Scction 20.4), was adopted by 91 nations. In 1988. the Malcolm Baldridge 
National Quality Award was cstablished by an act of the U.S. Congress. 


20.2.1 Traditional Qualvty Control 

TYaditional QC focused on inspection. In many factories, the only department responsible 
for QC was the inspection department. Much attention was given to sampling and statis- 
tical methods.The term statistical quality control (SQC) was used to describe these meth- 
ods. In SQC, inferences are made about the quality of a population of manufactured items 
(e.g.,components,subassemblies, products.) based on a sample taken from the population. 
The sample consists of ooe or more of the Items drawn at random from the population. Each 
item in the sample is inspected for certain quality characteristics of interest. In the case of 
a manufactuTed part, these characteristics relate to the process or processes just complet¬ 
ed. For ex am pie, a cylindrical part maybe inspected for diameter following the tuming op¬ 
eration that generated it. 

Two statistical sampling methods dominate the field of SQC: (1) control charts and 
(2) acceptance sampling. A control chart is a graphical technique in which statistics on one 
or more process parameters of interest are plotted over time to determine if the process is 
behaving normally or abnormally.The chart has a central line that indicates the value of 
the process mean under normal operation. Abnormal process behavior is identified when 
the process parameter strays significantly from the process mean. Control charts are wide- 
ly used in statistical process control, which is the topic of Chapter 21. 

Acceptance sampling is a statistical technique in which a sample drawn from a batch 
of parts is inspected, and a decision is made whether to accept or reject the batch on the 
basis of the quality of the sample. Acceptance sampling is traditionally used for various 
purposes: (1) receiving inspection of raw materials from a vendor, (2) deciding whether or 
not to ship a batch of parts or products to a customer, and (3) inspection of parts between 
steps in the manufacturing sequence. 

In statistical sampling, which includes both control charts and acceptance sampling, 
there are risks that defeets will slip through the inspection process, resulting in defeetive 
products being delivered to the customer. With the growing demand for 100% good qual¬ 
ity rather than tolerating even a small fraction of defeetive product. the use of sampling pro¬ 
cedures has declined over the past several decades in favor of 100% automated inspection. 
We discuss these inspection principles in Chapter 22 and the associated technologies in 
Chapter 23. 

The management principles and practices that characterize traditional QC included 
the following [3]: 


Customers arc extemal to the organization.The sales and marketing department is 
responsible for relations with customers. 



Sec. 20.2 / Traditional and Modern Quality Control 


637 


• The corapany is organized by functional departments. There is little appreciation of 
thc interdepcr.dence of the deparinients in the larger enterprise.Thc loyalty and view- 
poinl ofeach Jcpartment tends to be ccntered on itself rather than on the Corpora¬ 
tion. There tends to exist an adversarial relationship between management and labor. 

• Ouality is thc responsibility of the inspection department.The quality function in the 
organization emphasizes inspection and conformance to specifications. Ils objective 
is simple: elimination of defccts. 

• Inspection follows production. The objectives of production (to ship product) often 
clash wilh thc objectives of QC (to ship only good product). 

• Knowlcdge of SQC techniques resides only in the minds of the OC experts in the or- 
ganization. Workers’ responsibilities are limited. Managers and technical staff do all 
the planning. Workers follow instructions. 

• There is an emphasis on maintaining the status quo. 

20.2.2 The Modern View of Quality Control 

High quality is achieved by a combination of good management and good tcchnology.The 
two factors must be integrated to achieve an effeetive quality system in an organization.The 
management factor is captnred in the frequently iised term “total quality management.”The 
technology factor includcs traditional statistical tools combined with modern measure- 
ment and inspection technologies. 

Total Quality Management. Total quality management (TQM) denotes a man¬ 
agement approach that pursues three main objectives: (1) achieving customer satisfaction, 
(2) continuous improvement, and (3) encouraging involvement of the entire work force. 
These objectives contrast sharply with thc practices of traditional management regarding 
the QC function. Compare the following factors, which reflect the modem view of quality 
management, with the preceding list tbat characterizes the traditional approach to quali¬ 
ty management: 

• Quality is focused on customer satisfaction. Products are designed and manufactured 
with this quality focus. Juran’s definition, “quality is customer satisfaction," defines the 
icquiremeni for any product. The technical specifications—the product features— 
must be established to achieve customer satisfaction. The product must be manufac¬ 
tured free of deficicncies. Included in the focus on customers is the notion that there 
arc intemal customers as well as cxtemal customers. Extemal customers are those who 
buy the company’s products. Intemal customers are departments or individuals inside 
the company who are served by other departments and individuals in the organiza¬ 
tion.The final assembly department is the customer of the parts production depart- 
ments.The engineer is the customer of the technical staff support group. And soforth. 

• The quality goals of an organization arc driven by top management, which deter¬ 
mines the overall attitude toward quality in a company. The quality goals of a com¬ 
pany are not established in manufacturing; they are defined at the highest levels of 
the organization. Does the company want to simply meet specifications set by the 
customer, or does it want to make products that go beyond the technical specifica- 
tions? Does it want to be known as the lowest pr.ee supplier or the highest quality pro¬ 
ducer in its industry? Answers to these kinds of questions define the quality goals of 
the company.These must be set by top management. Through the goals they define, 
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the actions they take, and the examples they set, top management determines the 
overall attitude toward quality in the company. 

• Quality control is pervasive in the organization.not just the job of the inspection de- 
partment. It extends from the top of the organization through all levels. There is 
recognition of the important influence that product design has on product quality. 
Decisions made in product design directly impact the quality that can be achieved in 
manufacturing. 

• In manufacturing, the viewpoint is that inspecting the product after it is made is not 
good enough. Quality must be built into the product. Production workers must inspect 
theirown work and not rely on the inspection department to find their mistakes. 

• Quality is the job of everyone in the organization. It even extends outside the im- 
mediate organization to the suppliers. One of the tenets of a modem QC system is to 
deveiop close relationships wilh suppliers. 

• High product quality is a process of continuous improvement. It is a never-ending 
Chase to design better producls and thcn to manufacture them betler. We examine a 
step-by-step procedure for quality improvement in Chapter 21 (Section 21.4.2). 

Quality Control Technologies. Good technology also plays an important role in 
achieving high quality. Modern technologies in QC include: (1) quality engineering and 
(2) quality function deployment. The topic of quality function deployment is related to 
product design, and we discuss it in Chapter 24 (Section 24.4). Other technologies in mod¬ 
ern QC include (3) statistical process control, (4) 100% automated inspection, (5) on-line 
inspection, (6) coordinate measurement machines for dimensional measurement, and 
(7) non-contact sensors such as machine vision for inspection. These topics are discussed 
in the following chapters in this part of the book. 


20.3 TAGUCHIMETHODS IN QUALITY ENGINEERING 3 

The term quality engineering encompasses a broad range of engineering and operational 
activities »hose aim is to en sure tha« a product’s quality eharaeteristics are at their nomi¬ 
nal or target values. It could be argued that the areas of quality engineering and TQM 
overlap to a significant degree, since implementation of good quality engineering is strong- 
ly dependent on management support and direction.The field of quality engineering owes 
mueh to G.Taguchi, who has had an important influence on its development, especially m 
the design area-both product design and process design. In this section, we review some of 
the Taguchi methods: (1) off-line and on-line quality control, (2) robust design, and (3) loss 
function. Taguchi has also made contributions in the area of design of experiments, al- 
though some of his approaches in this area have been criticized [11]. More complete treat- 
ments of Taguchi's methods can be found among references [3], [10], [12], [13]. 

We begin our coverage with Taguchi’s off-line and on-line quality control. Although 
the term “quality control” is used, his approach represents a broader program of quali¬ 
ty assurance. 


is of this section are based on Groover [<]. Seciion 42.4. 
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20.3.1 Off-Line and On-Line Quality Control 

Faguchi believes thai the quality system must be distributed throughout the organization. 
The quality system is divided into two basic functions: 

]. O/f-lim quality contral. This function isconcerned with design issues, both product 
and process design, lt is applicable prior to production and shipment of the product. 
In the sequence of the two functions. off line Control precedes on-line control. 

2. On-line quality control. This isconcerned with production operations and relations 
with the customer after shipment. Its objective is to manufacture products within the 
specifications defined in product design, utilizing the technologies and methods de- 
vclupcd in process design. 

Traditional QC methods are more closely aligned with this second function, which is to 
aehieve conformance to specification The Taguchi approach is summarized in Figure20.2. 

Off-Line Quality Control. Offline quality control consists of two stages: (1) prod¬ 
uct design and (2) process design. The product design stage is concemcd with the devel- 
opment of a new product or a new model of an existing product. The goals in product 
design are to properly identify customer needs and to design a product that meets those 
needs but can also be manufactured consistently and economically. The process design 
stage is what we usually think of as the manufacturing engineering function. It is concemed 
with specifying the processes and equipmcnt.setting work standards,doeumenting proce¬ 
dures, and dcvcloping clear and workable specifications for manufacturing. A three-step ap¬ 
proach applicable to both of these design stages is outlined: (1) system design, (2) parameter 
design, and (3) tolerance design. 

System design involves the application of engineering knowledge and analysis to de- 
vclop a prototype design that will meet customer needs. In the product design stage, sys¬ 
tem design refers lo the final product configuration and features, including starting 
matcrials, components. and subassemblies. For example, in the design of a new car, system 



Figure 20.2 Block diagram of Taguchi’s off-line and on-line quality 
control. 
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design includes the size of the car, its styling, engine size and power, and other features 
that target it for a certain market segment. In process design, system design means select- 
ing the most appropriate manufacturing methods. For example, it means selecting a forg- 
ing operation rather than casting to producc a certain component. The use of existing 
technologies should he emphasized rather than developing new ones. Obviously. the prod- 
uct and process design stages overlap, because product design determines the manufac¬ 
turing process to a great degree. Also, the quality of the product is impacted significantly 
by decisions made during product design. 

Parameter design is concemed with deiermming optimal parameter settings for the 
product and process. In parameter design, the nominal values for the product or process pa¬ 
rameters are spccified. Examples uf parameters in product design include the dimensions 
of components in an assembly or the resistance of an electronic component. Examples of 
parameters in process design include the speed and feed in a machining operation or the 
furnacc temperature in a sintering process. The nominal value is the ideal or target value 
that the product or process designer would like the parameter to be set at for optimum 
performance. 

It is in the parameter design stage that a robust design is achieved A robust design 
is one in which the parameter values have been selected so that the product or pTocess 
performs consistently.even in the face of influencing factors that are difficull to Control. It 
is one of Taguchi’s central concepts, and we define the term more thoroughly in Section 
20.3.2.Taguchi advocates the use of various experimentai designs lo determine the optimal 
parameter settings. 

In tolerance design, the objective is to specify appropriate tolerances about the nom¬ 
inal values establishcd in parameter design. A reality that must be addressed in manufac¬ 
turing is that the nominal value of the product or process parameter cannot be achieved 
without some inherent variation. A tolerance is the allowable variation that is permitted 
about the nominal value. The tolerance design phase attempts to achieve a balance be- 
tween setting wide tolerances to facilitate manufacture and minimizing tolerances to op- 
timize product performance. Some of the factors that favor wide versus narrow tolerances 
are presented in Table 20.2. Tolerance design is strongly influenced by the Thguchi loss 
funetion. explained in Section 20.3.3. 

On-Line Ouaiity Control. This funetion of quality assurance is concerned with 
production operations and customer relations. In production, Taguchi classifies three ap¬ 
proaches to quality control: 


TABLE 20.2 Factors in Favor of Wide and Narrow Tolerances 


Factors in Fa vor o f Wide ILoose) Tolerances 

Factors in Favor of Narrow iTight) Tolerances 

• Yield in manufacturing is inereased. Fewer 

defeets are produced. 

• Fabrication of special tooling (dies, jigs, molds, 

etc.) is easier. Tools are therefore less costly. 

• Setup and tooling adjustment is easier. 

• Fewer production operations may be needed. 

• Less'ski Iled, lower cost labor can De used. 

• Machine maintenance may be reduced. 

• The need for inspection may be reduced. 

• Overall manufacturing cost is reduced. 

• Parts interchangeability is inereased in assembly. 

• Fit and finish of the assembled product is better, 

for greater aesthetic appeal. 

• Product functionality and performance are likely to 

be improved. 

• Durability and reliability of the product may be 

inereased. 

• Serviceabiiity of the product in the field is likely to 

be improved due to inereased parts 
intercha ngea bi lity. 

• Product may be safer in use. 



Sec. 20.3 / Taguch Methods in Quality Engineering 


641 


1. Process diagnosis and adjustmeni. In this approach, the process is measured periodi- 
cally and adjustments are made to move parametersof intcrcst toward nominal values. 

2. Process prediclion and correction. This refers to the measurement of process para¬ 
meters at periodie intervals so that trends can bc projcctcd. If projcctions indicatc de¬ 
viations from target values. corrcctive process adjustments are made. 

3. Process measurement and action. This involves inspection of all units (100%) to de- 
teel delicicnctcs that will be reworked or scrapped. Since this approach occurs after 
the unit .is alrcady made. it is less desirable than the other two forms of control. 

The Taguchi on-line approach includes customer relations, which consists of two el¬ 
ements. First, there is the traditional customer service that deals with repairs.replacements, 
and complair.ts. And second. there is a feedback system in which information on failures, 
complaints. and related data are communicated back to the relevant departments in the or- 
ganization for correction. For cxample. customer complaints of frequent failures of a cer- 
tain component are communicated back to the produel design department so that the 
component's design can bc improved. This latter schcme is part of the continuous im- 
provement process advocated by Taguchi. 


20.3.2 Robust Design 

The objeetivc ot parameter design in Taguchi’s off-line/on-line quality control is to set spec- 
ifications on product and process parameters to create a design that resists failure or reduced 
performance in the face of variations. Taguchi cails the variations noise factors. A noise 
factor is a source of variation that is impossible or difficult to control and that affeets the 
funetiona! characteristics of the product . Three types of noise factors can be distinguished: 

1. Unit-to-unit noise factors.Thest: are inherent random variations in the process and 
product caused by variability in raw materials. machinery, and human participation. 
They are associated with a production process that is in statistical control. 

2. Intemal noise factors. Thesc sources of variation are inlernal to the produel or 
process.Thcy include: (1) time-dependent factois, such as wear of mechanical com- 
poncnts.spoilagc of raw materials, and fatigue of metal parts; and (2) operational er¬ 
ror«. such as improper settings on the product or machine tool. 

3. Extemal noise factors. An external noise factor is a source of variation that is ex 
ternal lo the product or process, such as outside temperature, humidity, raw mater- 
ial supply. and input voltage. Inlernal and external noise factors constitute what we 
have previously called assignable variations. Taguchi distinguishes between intemal 
and external noise factors because external noise factors are generally more difficult 
to control. 

A robust design is one in which the funetion and performance of the product or 
process are relatively insensitive to variations in any of these noise factors. In product de¬ 
sign, robustness means that the product can maintain consistent performance with minimal 
disturbance due to variations in uncontrollablc factors in its operating Ciivironment. In 
process design, robustness means that the process continues to produce good product with 
minimal effeet from uncontrollablc variations in its operating environment. Some exam- 
ples of robust designs are presented in Table 20.3. 
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TABLE 20.3 Some Examples of Robust Designs in Products and Processes 


Product design: 

• An airplane that flies as well in stormy weather as in clear weather 

■ A car that starts in Minneapolis, Minnesota in January as well as Phoenix, Arizona 

in July 

• A tennis racket that returns the ball just as well when hit near the rim as when hit 

in dead center 

• A hospital operating room that maintains lighting and other life support systems when 

the electric power to the hospital is interrupted 

Process design: 

■ A tuming operation that produces a good surface finish throughout a wide range 

of cutting speeds 

• A plastic injection molding operation that molds a good part despite variations 

in ambient temperature and humidity in the factory 

• A metal forging operation that presses good parts in spite of variations in starting 

temperature of the raw billet 

Othar; 

• A biolog cal species that survives unchanged for millions of years despite significant 

climatic changes in the world in which it lives 


20.3.3 The Taguchi Loss Funetion 

The Taguchi loss funetion is a useful concept in tolerance design. Taguchi defines quality 
as “the loss a product costs society from the time the product is released for shipmenf' [131. 
Loss indudes costs to operate, failure to funelion, maintenance and repair costs, customer 
dissatisfaction, injuries caused by poor design, and similar costs. Some of these losses are 
difficult to quantify in monetary terms, but they are nevertheless real. Defective products 
(or their components) that are detected, repaired, reworked, or scrapped before shipment 
are not considered part of this losis. Instead, any expense (o the company resulting from 
scrap or rework of defective product is a manufaciuring cost rather than a quality loss. 

Loss occurs when a product’s funetional characteristic differs from its nominal or tar- 
get value. Although funetional characteristics do not translate directly into dimensional 
features, the loss relationship is most readily understood in terms of dimensions. When the 
dimension of a component deviates from its nominal value, the component s funetion is ad- 
versely affeeted. No matter how small the deviation, there is some loss in funetion. The 
loss inereases at an accelerating rate as the deviation grows, according to Taguchi. If we let 
x = the quality characteristic of interest and N = its nominal value, then the loss fune¬ 
tion wili be a U-shaped curvc as in Figure 20.3. Taguchi uses a quadratic equation to de- 
scribe this curve: 


L{x) = k{x - N) 2 (20.1) 

where L(x) = loss funetion; k = constant of proportionality; and j: and A' are as defined. 
At some level of deviation (jr 2 — A') = —(*i - N ), the loss wtllbe prohibitive, and it is nec- 
essary lo scrap or rework the product.T his level identifies one possible way of specifying 
the tolerance limit for the dimension. But even within these limits, there is also a loss, as 
suggested by our cross-hatching. 
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Figure 20.3 The quadralic quality loss function. 



j«~ Tolerance limils —*» 

LTL UTL 

Figure 204 Loss function implicit in traditional tolerance specification. 


In the traditional approach to QC. tolerance limits are defined, and any product with- 
in those limits is acceptable. Whether the quality characteristic (e.g.,the dimension) isclose 
to the nominal value or close to one of the tolerance limits.it is acceptable. Trying to visu- 
alize this approach in terms analogous to the preceding relation, we obtain the discontin- 
uous loss Function in Figure 20.4, ln this approach, any value within the upper tolerance limil 
(UTL) and lower tolerance limit (LTL) is acceptable. The reality is that products doser to 
the nominal specification are betler quality and will work betler, look better, last longer, 
and have components that Fit betler. In short, products made doser to nominal specifica- 
tions will provide greater customer satisfaction.To improve quality and customer satisfac- 
tion, one must attempt to reduce the loss by designing the product and process to be as close 
as possible to the target value. 

It is possible to make calculations based on the Taguchi loss function if one accepts 
the assumpeion of the quadratic loss cquation, Eq. (20.1). In the folluwing examples, we il- 
lustrate several aspects of its application: (1) estimating the constant k in the loss function, 
Eq. (20.1), based on known cost data, (2) using the Taguchi loss function to estimate the cost 
of alternative tolerances, (3) comparing the expected loss for alternative manufacturing 
processes that have different process distributions, and (4) tolerance design. 

EXAMPLE 20.1 Estimating the Constant k in the Taguchi Loss Function 

Suppose that a certain part dimension is specified as 100.0 ± 0.20 mm. To in- 
vestigate the impact of this tolerance on product performance, the company 
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has studied its repair records to discover that if the ±0.20 mro tolerance is ex- 
ceeded, there is a 60% chance that the product will be rcturned for repairs at a 
cost of $100 to the company (during the warranty period) or to the customer (bc- 
yond the warranty period). Estiraate theTaguchi loss function constant k for 
these data. 


■ In Eq. (20.1) for the loss function, the value of (x - Af) is ih c tolerance value 0.20. 
The loss is the expected cost of the repair, which can be calculated as follows: 

E{Z.(x)} = 0.60($100) + 0.40{0) = $60 
Using this cost in Eq. (20.1). we have 

60 = A(0.20) 2 = /t(0.04) 


Thercfore, the Taguchi loss function for this case is the following: 

L{x) = 1500(x - Af) 2 (20.2) 


TheTaguchi loss function can be used to evaluate the relative costs of alternative tolerances 
that might be applied to the component in question.as illustrated in the following example. 

EXAMPLE 20.2 Using the Taguchi Loss Function to F.stimate the Cost of Alternative 
Tolerances 

Let us use the Taguchi quadratic loss function, Eq. (20.2), to evaluate the cost 
of several alternative tolerances for the same data given in Example 20.1. Specif- 
ically, given the nominal dimension of 100, as before, determinc the cost (value 
of the loss function) for tolerances of (a) ±0.10 mm and (b) ±0.05 mm. 
Solution: (a) For a tolerance of ±0.10 mm, the value of the loss function is: 

L(x) = 1500(0.10) 2 = 1500(0.01) - $15.00 
(b) For a tolerance of ±0.05 mm, the value of the loss function is: 

L(x) = 1500(0.05) 2 = 1500(0.0025) = $3.75 


The loss function can be figured into production piece cost computations, if certain 
characteristics of the process are known, namely: (1) the applicable Taguchi loss function; 
(2) production cost per piece; (3) the probability distribution for the process relative to 
the product parameter of interest; and (4) the cost of sortation, rework, and'or scrap for an 
out-of-toletance piece. Adding these terms, we have the total piece cost as follows: 

C pc = C p + Cj + qC, + Ctlp (20.3) 

where C v = total cost per piece ($/pc), C p = production cost per piece (S/pc), C, = in- 
spection and sortation cost per piece ($/pc), q - proportion of parts falling outside of the 
tolerance limits and nceding rework, C, = rework cost per piece for those parts requiring 
rework ($/pc), and Ctlf = Taguchi loss function cost per piece ($/pc). Because of the 
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probability distribution associated with the production process, the analysis requires the use 
of expected costs.The following examplc illustrates the computation. 

EX AMPLE 20.3 Comparing the Expected Cost for Alternative Manufacturing Processes 

$uppose that the pan in Examples 20. ] and 20.2 can be produced by two al¬ 
ternative manufacturing proccsscs. Both processes can produce parts with an av¬ 
erage dimension at the des i red nominal value of 100 mm. The distribution of the 
output is normal for each process. but their standard deviations arc different. 
The relevant data for the two processes are given in the following table. 



Process A 

Process B 

Taguchi lossfunction 

Eq. (20.2) 

Eq. (20.2) 

Production cost per piece 

$5.00/pc 

$10.00/pc 

Process standard deviation 

0.08 mm 

0.04 mm 

Cost of sortation 

$1.00/pc 

$1.00/pc 

Rework cost rf tolerance exceeded 

$20.00/pc 

$20.00/pc 


Determine the average cost per piece for the two processes. 

Solution: To deal with the normal distribution, we divide the distribution in each case 
into intervals with a range of 0.04 mm. using the center point of each interval 
to represent the range. This is illustrated in Figure 20.5 for the two distribu- 



(h) 



Figure 20.5 Divkling the distribution of the two processes into in¬ 
tervals, and using the center point of each interval lo represent the 
range: (a) process A and (b) process B. 
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tions.The calculation of ihe expected valueof theTaguchi loss function is some- 
what tedious.The probability of the population falling into cach interval must 
be determined using standard normal tables. Then the Taguchi loss function 
must be calculated for each range and mulliplied by the respective probability. 
The calculatiuns are performed for process A in the following table.The cen¬ 
ter of each interval is given in column (I), with the interval range in column 
(2). In column (3) is Ihc tt-value range for the standard normal distribution cor- 
responding to the range in column (2). Calculation of ’ for the standard normal 
tables is based on tr = 0.08 for process A. Column (4) gives the value of the 
probability for the z-value range. In column (5) is the deviation from the nom¬ 
inal value of the dimension (x ~ V). Column (6) shows theTaguchi loss func¬ 
tion calculated by Eq. (20.2). hinally. in column (7) is the expected value of loss 
function for each range, which is column (4) multiplied by column (6). The re¬ 
sulting value of the Taguchi loss function is the sum of the entries in column 
(7), shown at the boltom of column (7). 




13) 

(4) 

(S) 

16) 

(7) 

Center 


z-Value Range 

Corresponding 

(x-N) 

Uxi 


o f flange 

flange 

tr = 0.08 

Probability 


Eq. (20.2) 

((4) X (6» 


99.60-99.74 

-5.00 to -3.26 

0.0006 

0.28 

117.6 

0.0705 

99.76 

99.74-99.78 

-3.25 to -2.75 

0.0024 

0.24 

86.4 

0.2074 

99.80 

99.78-99.82 

-2.75 to -2.25 

0.0092 

0.20 

60.0 

0.5520 

99.84 

99.82-99.86 

-2.25 to -1.75 

0 0279 

0.16 

38.4 

1.0713 

99.88 

99.86-99.90 

-1.75 to-1.25 

0.0655 

0.12 

21.6 

1.4148 

99.92 

99.90 99.34 

-1.25 to-0 75 

0 1210 

0.08 

9.6 

1.1616 

99.96 

99,94-99.98 

-0.75 to -0 25 

0.1747 

0.04 

2.4 

0.4193 

100.00 

99.98-100.02 

-0.25 to +0.25 

0.1974 

0 

0 

0 

100.04 

100.02-100.06 

+0.25 to+0.75 

0.1747 

0.04 

24 

0.4193 

100.08 

100.06 100.10 

-*•0.75 to+1.25 

0.1210 

0.08 

9.6 

1.1616 

100.12 

100.10-100.14 

*1.25 to+1.75 

0.0655 

0.12 

21.6 

1.4148 

100.16 

100.14-100.18 

+1.76 to +2.25 

0.0279 

0.16 

38.4 

1.0713 

100.20 

100.18-100.22 

+2.25 to+2.75 

0.0092 

0.20 

60.0 

0.5620 

100.24 

100.22 10026 

+2.75 to +3.25 

0.0024 

0.24 

86.4 

0.2074 

100.28 

100.26-100.40 

+3.25 to+5.00 

0.0006 

0.28 

117.6 

0.0705 

Totals 

If applicable 


1.0000 



$9.79 


The total cost per piece includes the other costs, namely the production cost 
per piece. inspection and sortation cost. and rework costjf there is any rework, 
in addition to the loss function cost. For process A. the production cost is 
$5.()0/pc, the sortation cost is $l.00/pc,and the rework cost is $20.00. Howev- 
er. the rework cost is only applicable to those parts that fail outside the speci- 
fied tolerance of ±0.20 mm. The proportion of parts that lie beyond this interval 
can be found by computing the standard normal z statistic and determining the 
associated probability. The z -value is 0.20/0.08 = 2.5, and the probability (from 
standard normal lables) is 0.0124. The total cost per piece is calculated using Eq. 
(20.3) as follows: 

C,* = 5.00 + 1.00 -r 0.0124(20.00) + 9.79 = $16.04/pc 
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Next, the same computations arc made for process B, shown in the following 
tablc. 


tv 

Center 
of flange 

<2> 

13) 

z- Value Range 
,r - 0.04 

(4) 

Corresponding 

Probability 

15) 

ix-N) 

<6/ 

Ux) 

Eg. 120.2) 

17) 

E{LM) 

(<4) x (S)) 

99.84 

99.82-99.86 

5.0 to 3.5 

0.0002 

0.16 

38.4 

0.0077 

99.88 

99.86-99.90 

-3.5 to -2.5 

0.0060 

0.12 

21.6 

0.1296 

99.92 

99.90-99.94 

-2.5 to-1.5 

0.0606 

0.08 

9.6 

0.5818 

99.96 

99.94-99.98 

-1.5 to -0.5 

0.2417 

0.04 

2.4 

0.S801 

100.00 

99.98-100.02 

- 0.5 to M).5 

0 3830 

0 

0 

0 

100.04 

100.02-100.06 

+0.5 to -1.5 

0.2417 

0.04 

2.4 

0.8801 

100.08 

100.06-100.10 

+ 1.5 to -2.5 

0.0606 

0.08 

9.6 

0.5818 

100.12 

100.10 100.14 

+2.5 to +3.5 

0.0060 

0.12 

21.6 

0.1296 

100.16 

100.14-100.18 

+3.5 to -5.0 

0.0002 

0.16 

38.4 

0.0077 

Totals 

If applicable 


1.0000 



$2.60 


Ir. this case, wc lake note of the faet that process B, although its production 
piece cost is mueh higher than for process A, there are virtually no out-of-tol- 
crance units produced (as long as the process is in statistical control, which can 
be verified by statistical sampling). We should take advantage of this faet by 
omitting the sortation step. Also, there is no rework.The total cost per piece for 
process B is calculaled as follows: 

C* = 10.00 0 + 0 + 2.60 = $12.60/pc. 

Because of a mueh smaller Taguchi loss funetion cost. process B is the lower 
cosl production method. 


The calculations in the preceding example are dominated by the computation of the ex- 
pected value of the Taguchi loss funetion. Let us examine this computation more closcly. 
The cxpected value is given by: 

£{L(x)} = 2} £*(*,-AfJ* (20.4) 

where E{L(jt)} = cxpected value ot the Taguchi loss funetion; P, = probability of the in¬ 
terval being the outeome; x, = the value of the quality characteristic of interest, such as a 
dimension, representing the interval; and N = the nominal value of the quality charac- 
terislic. Summation of the term P,{x, — f V) 2 is, in effeet, a calculation of the variance cr 2 
(whose square root is the standard deviation <r). We can exploit this equivalencc in our 
calculation of the Taguchi loss funetion by expressing it as follows: 

£{/-(*)} = kv 1 (20.5) 

Let us sec how this formula compares with our previous computation of E{Ux) !• in Ex- 
amplc 20.3. ' 
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EXAMPLE 20.4 Computation of Taguchi loss function using Eq. (20.5) 

Kecalculale the Taguchi loss funclion using Eq. (20.5) for the two processes in 
Examplc 20.3. 

Solution: The constant A: in the T&guchi lossfunction.Eq. (202),is k. = 1500.For process 
A, ir = 0.08 mm. Using Eq. (20.5), we have: 

£{/.(*)} = 1500(0.08) 2 = 1500 (0.0064) = $9.60 
For proccss B.tr = 0.04 mm.The loss funclion value is: 

£{/.(*)} = 1500(0.04) 2 = 1500(0.0016) = $2.40 
These valucs compare with $9.79 for process A and $2.60 for process B in Ex- 
ample 20.3. A doser ogreement would have been obtained had we used nar- 
rower intervals in Flgure 20.4. 


Eq. (20.5) represents a special case of the more general situation.The special case is when 
the process mean fx. which is the average of all x,, is centered about the nominal value A. 
The more general case is when the process mean n may or may not be centered about the 
nominal value. In this more general case. the calculation of the value of the taguchi loss 
function becomes: 


£((.(,)} - *((„ - N)‘ + (20.6) 

If the process mean is centered at the nominal value, so that = A.then Eq. (20.6) reduces 
to Eq. (20.5). 


20.4 


ISO 9000 


This chapter on quality control would not be complete without mention of the principal 
standard that is devoted to this subject. ISO 9000 is a set of international standards on 
quality devdoped by the International Organization for Standardization (ISO), based in 
Geneva, Switzerland and representing virtually all industrialized nations. The U.S. repre¬ 
sentative to the ISO is the American National Standards Instituts (ANSI). The American 
Society for Quality Control (ASQC) is the ANSI member organization that is responsible 
for quality siandards. ASQC publishes and disseminates ANSI/ASQC 09000, which is the 
US. version of ISO 9000. 

ISO 9000 establishes standards for the systems and procedures used by a facility that 
affeet the quality of the products and services produced by the facility. It is not a standard 
for the products or services themselves. ISO 9000 is not just one standard; it is a family of 
standards,as listed in Table 20.4. The family includes a glossary of quality terms, guidelines 
for selecting and using the various standards, models for quality systems, and guidelines for 
auditing quality systems. 

The ISO standards are generic rather than industry specific. They are applicable to 
any facility producing any product and/or providing any service, no matter what the mar¬ 
ker. As nentioned, the focus of the standards is on the facility’s quality system rather than 
its products or services. In ISO 8402, a quality system is defined as “the organizalional 
structure, responsibilities, procedures, processes, and resources needed to implement qual- 
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TABLE 20.4 ISO 9000 and Other ISO Quality Standards, 1994 Update 


Standard 

Description 

ISO 8402 

Vocabulary for quality management and quality assurance 

ISO 9000-1 

Quality management and quality assurance. Part 1: Guidelines for 
selection and use 

ISO 9000-2 

Quality management and quality assurance. Part 2: Generic guidelines 
for application of ISO 9001, ISO 9002, and ISO 9003 

ISO 9000-3 

Quality management and quality assurance, Part 3: Guidelines 
for application of ISO 9001 to the developmant, supply, and 
maintenance of software 

ISO 9000-4 

Quality management and quality assurance, Part 4: Application for 
dependability program management 

ISO 9001 

Quality system models for facilities whose operations include design 
and/or development, production, inspection and testing, 
installation, and servicing of products 

ISO 9002 

Quality system models for facilities that manufacture products that are 
designed and serviced by others 

ISO 9003 

Quality system models for facilities that only perform inspection and 
testing 

ISO 9004-1 

Quality management and quality system elements: Guidelines 

ISO 9004-2 

Quality management and quality system elements: Guidelines 
for services 

ISO 9004-3 

Quality management and quality system elements: Guidelines for 
processed materials 

ISO 9004-4 

Quality management and quality system elements: Guidelines 
for quality improvement 

ISO 10011-1 

Guidelines for auditing quality systems, Part 1: Auditing 

ISO 10011-2 

. Guidelines for auditing quality systems, Part 2: Qualification criteria 
for quality system auditors 

ISO 10011-3 

Guidelines for auditing quality systems. Part 3: Management of audit 
programs 

ISO 10012-1 

Metrological qualification system for measuring equipment 

ISO 10013 

Guidelines for developing quality manuals 

ISO/TR 13425 

Guidelines for the selection of statistical methods in standardization 
and specification 


Source: ISO Easy, hup /,'www exinM.com. 


ity management.” ISO 9000 is concerned with the set of activities underlaken by a facility 
to cnsure that its output provides customer satisfaction. It does not specify methods or 
procedures for achieving customer satisfaction; instead it describes concepts and objec- 
tives for achieving it. 

ISO 9000 can be applied in a facility in two ways. The first is to implement the stan¬ 
dards or selccted portions of the standards simply for the sake of improving the firm’s qual¬ 
ity systems. Improving the procedures and systems for delivering high quality products 
and/or services is a worthwhile accomplishment, whether or not formal recognition is award- 
ed. Implementation of ISO 9000 requires that all ofa facility’s activities affecting quality 
be carried out in a three-phasc cycle that continues indefinitely. The three phases are: 
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1. Planning of the activities and procedures that affect quality. 

2. Control of the activities affecling quality to ensure that customer specifications are 
satisfied and thatcorrective action is taken on anv deviations from specifications. 

3. Documenialion of the activities anet procedures affecting quality to ensure that qual¬ 
ity objectives are understood by employees. feedback is provided for planning,and 
evidence e>f quality system pcrformancc is availablc for managers, customcrs, and for 
certiflcation purposes. 

The second way to apply ISO 9000 is to become registered. ISO 9000 registration 
not onlv improves the facility's quality systems, but it also provides formal certiflcation 
that the facility meets the requirements of the standard. This has benefits for the firm in 
several ways.Two signifleant benefits are: (1) reducing the frequency of quality audits per- 
formed by the facility’s customcrs and (2) qualifying the facility for business parinerships 
with companics that require ISO 9000 registration. This latter benefit is especially impor- 
tant for firms doing business in the European Community, where certain products are clas- 
sified as rcgulatcd, and ISO 9000 registration is required for companies making these 
products as well as their suppliers. 

Registration is obtained by subjecting the facility to a certiflcation process by an ac- 
credited third-party agency. The cettification process consists of on-site inspections and 
review of the firnfs documenialion and procedures so that the agency is satisfied thal the 
facility conforms to the ISO 9000 standard. If the outside agency finds the facility non- 
conforming in certain areas, then it will notifv the facility about which areas need upgrad- 
ing, and a subsequent visit will be scheduled Once registered, the external agency will 
periodically audit the facility to verify continuingconformance.The facility must pass these 
audits to retain ISO 9000 registration. 

The three quality system standards or models intended for facilities seeking ISO 9000 
registration are ISO 9001, ISO 9002, and ISO 9003. These models contain the requirements 
for registration that must be satisfied by the facility. A facility chooses to become regis¬ 
tered in one of these standards depending on which model most closely fits ils operations. 
The facility’s customer(s) may also influence the choice of standard. ISO 9001 has the 
broadest coverage and is designed for facilities whose operations include design and/or 
development, production, inspection and testing, installation, and servicing of products. 
ISO 9002 applies to facilities thai manufacture products thai are designed and serviced by 
others. ISO 9003 applies to facilities that only perform inspection and testing. A summary 
of the topic areas covered by the three standards is provided in Table 20.5. It should bc noted 
that the wording of each section is virtually the same among the three standards. 



Sec. 20.4 / ISO 9000 


651 


TABLE 20.5 Topic Areas Coverad by .SO 9001, ISO 9002, and ISO 9003 


Section ISO ISO ISO 

Number Topic Area and Brief Description 9001 9002 9003 


1. Management responsibility Management sball define and document its 

policy and objectives for quality and ensure understanding and 
implementation at all levels of the organization. 

2. Quality system. The facility shall establish and maintam a quality system 

that ansures conformance of the product or service to specified 
requirements. 

3. Contract review. Procedures shall be established and maintained for review 

and coordmation ot contracts to ensure that requirements are adequately 
defined and documented. 

4. Design control. The facility shall establish and maintain procedures to 

Control the product design to ensure that specifications are satisfied. 

5. Document control. Procedures shall be established and maintained to control 

all documents pertainingto the requirements of this standard. 

6. Purchasing. The facility shall ensure that all purchased products conform 

to specified requirements. 

7. Purchaser-supplied product Procedures shall be established and maintained 

for verification, storage, and maintenance of purchaser-supplied items that 
will be incorporated intothe final product sent to the ultimate customer. 

8. Product identitication and traceability. Where appropriate, procedures shall 

be established and maintained for identifying the product from drawings, 
specifications, and other documents du ring all stages of production, 
delivery, and installation. 

9. Process control. The facility shall plan the production and install processes 

that directly affect quality and shall ensure that these processes are 
performed under ccntrolied conditiuns. Controlled conditions include, e.g., 
documented work instructions, process moritoring and control, and 
specified criteria for workmanship. 

10. Inspection and testing The facility shall (1) ensure that incoming materials 

are not further processec or used until verified as conforming to 
specificalion; (2) inspect, test, and identify product during processing as 
specified in the quality plan; and (3) carry out all final inspection and 
testing of the product to ensure conformance of the finished product to 
specified requirements. 

11. Inspection, measuring, and tast equipment. The facility shall calib'ate and 

maintain inspection, measuremenl, and test equipment used to 
demonstrate that product conforms to specified requirements, 

12. Inspection and test status. The facility shall identify the inspection and test 

status of the product through the use of markings, labels, stamps, 
inspection records, or other suitabfe means that indicate conformance 
or nonconformance of the product to specificalion. In addition, records 
shall identify the authority responsible for release of conforming product. 

13. Control of nonconforming product. The facility shall establish and maintain 

procedures to ensure that nonconforming product is prevented from 
being used or installed. 

14. Corrective action. Procedures shalf be established, documented, and 

maintained to (1) investigate the cause of nonconforming product and the 
corrective action to prevent recurrence, (2) perforrri analysis to detect and 
eliminate causes of nonconforming product, (3) apply Controls to ensure 
that corrective actions are effeetive, and (4) implement and r ecord 
_changes in procedures resulting from corrective actions. 


XXX 

XXX 

X X 

X 

XXX 
X X 

X X 

XXX 

X X 

XXX 

XXX 

XXX 

XXX 

X X 


i nextpiget 
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TABLE 20.5 (continued) 


Section ISO ISO ISO 

Number TopicArea and Brief Description 3001 9002 9003 


15. Handling, storage, packaging, and delivery. The facility shall establish and 

maintain procedures to (1) prevenl damage during product handling; (2) 
avoid damage and deterioration during product storage; (3) Control 
packaging and related operations; and (4) protect the product after final 
inspection and testing, including delivery when contractually reguired. 

16. Quality rocords. The facility shall establish and maintain procedures for the 

Identification, collection, indexing, filing, storage, maintenance, and 
disposition of quality records. 

17. Internat quality audits Thefacilhy shall perform planned and documented 

internal audits to verify that quality activities are effective and comply with 
its own procedures. 

18. Training The facility shall establish and maintain procedures to (1 ] identify 

trainlng needs and (2) provide training as needed for employees who 
affect quality. 

19. Servicing. When servicing is contractually specified, the facility shall 

establish and maintain procedures for performing and verifying t hat 
servicing meets the requirements specified in the contract. 

20. Statistical techniques As appropriate, the facility shall establish procedures 

to identify adequate statistical techniques for verifying that process 
capabilities and product characteristics are acceptable 
Source: Paraphrased and/or quotad trom ISO 9001 11). 


XXX 


XXX 

X X 

XXX 

X 

XXX 
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PROBLEMS 


Taguchi Loss Function 

20.1 A certain pari dimension on a powcr garden lool is specified as 25.50 ±0.30 mm. Company 
repoir records indicate that if the ±0.30 mm tolerance is exceeded, there is a 75% chance 
that the product will be returned for replacement. The cost associated with replacing the 
product, which includes not only the product cost itself but also the addilionai paperwork 
and handling associated with rep-acement, is estimated to be $300. Dctermine the constant 
k in the Taguchi loss function for these data. 

20.2 The design specification on the resistancc setting for an elecironic component is 0.50 
W.02 ohm. If the component is scrapped. the company suffers a $200 loss. (a) What is the im- 
plied valuc of the constant k in the Taguchi quadratic loss function? (b) If the output of the 
process that sets the resistancc is ccntered on 0.50 ohm, with a standard deviation of 0.01 ohm, 
what is the expected loss per unit? 

20.3 The Taguch. quadratic loss function fora particular component in a piece of earth-moving 
cquipmemisl(x) ■ 3SOO(x - Af) 2 , where* = the aelual value of a criticaldimension and 
Af is the nominal value If .\’ = 150.00 mm, determinc the value of the loss function for tol¬ 
erances of (a) ±0.20 mm and (b) ±0.10 mm. 

20-4 The Taguchi loss function for a certain component is given by L{x) = 8000{ x - Af) 2 , where 
x - the aelual value of a dimension of critical importance and N is its nominal value. Com¬ 
pany management has decided that the maximum loss that can be accepted is $10.00. (a) If 
the nominal dimension is 30.00 mm. at what value should the tolerance on this dimension 
be set? (b) Does the value of the nominal dimension have any effeet on the tolerance that 
should be specified? 

20.5 Two alternative manufacturing processes, A and B, can be used to produce a certain di¬ 
mension on one ot the parts in an assembled product. Both processes can produce parts 
with an average dimension at the desired nominal value. The tolerance on the dimension is 
±0.15 mm.The output of each process follows a normal distribution. However, the standard 
deviations are different. Kor process A. cr = 0.12 mm; and for process B,<r ** 0.07 mm. Pro¬ 
duction costs per piece for A and B are $7.00 and $12.00, respectively. If inspection and sor- 
tation are requtred, the cost is $0.50/pc. If a part is found to be defeetive, it must be scrapped 
at a cost cqual to ils production cost. The Taguchi loss function for this component is given 
by L(x) = 2SOO(x - N) 1 , where x = value of the dimension and N is its nominal value. 
Determine the average cost per piece for the two processes. 

20.6 Solvc Problem 2U.5,cxeept that the tolerance on the dimension is ±0.30 mm rather than ±0.15 mm. 

20.7 Solve Problem 20.5, except that the average value of the dimension produced by process B 
isO 10 mm greater than the nominal value specified.Thc average value of the dimension pro¬ 
duced by process A remains at the nominal value Af, 

20.8 7\vo different manufacturing processcs, A and B, can be used to produce a certain compo¬ 
nent. The specification on the dimension of interest is 100.00 ±0.20 mm. The output of process 
A follows the normal distribution, with (i = 100.00 mm and cr = 0.10 mm. The output of 
process B is a uniform distribution defined by f(x) ~ 2.0 for 99.75 =£ x s 100.25 mm. 
Production costs per piece for processes A and B are each $5.00. Inspection and sortation 
cost is $0.50/pc. If a part is found to be defeetive, it musi be scrapped at a cost equal to twtce 
its production cost. The laguchi loss function for this component is given by 
Hx) = 2500;* - AO 2 , where x = value of the dimension and N is its nominal value. De- 
terraine the average cost per piece for the two processes. 
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Statistical process control (SPC) involves the use of various methods to measure and ana- 
lyze a process. SPC methods are applicable in both manufacturing and nonmanufacturing 
situations, but most of the applications are in manufacturing. The overall objectives of SPC 
are to (1) improve the quality of the process output, (2) reduce process variability and 
achieve process stability, and (3) solve processing problems. There are seven principal 
methods or tools used in SPC; these tools are sometimes referred to as the “magnificent 
seven” [6]: 
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1. control charts 

2. histograms 

3. Pareto charts 

4. check sheets 

5. defeci concentration diagrams 

6. scattcr diagrams 

7. cause and effect diagrams 

Most of tRese lods arc statistical and/or technical in nature. However, it should be men- 
tioncd that SPC includes more than the magnificcnt seven tools. There are also nontech- 
nical aspccts in the implementation of SPC. To be successful, SPC’must include a 
commitment to quality that pervades the orgamzation from senior top management to the 
starting workcr on the production line. 

Our discussion in this chapter will cmphasize the seven SPC tools. A more detailed 
treatment of SPC is presented in several of our references. For coverage of control charts 
wc recommend [5]-[7], and [9], and for the other six SPC tools [2] and [3], 


21.1 PROCESS VARIABILITY AND PROCESS CAPABILITY’ 

Bcfore descrihing the seven SPC tools, it is appropriate to discuss process variability, the 
reason for needing SPC. In any manufacturing operation, variability exists in the process 
output. In a machiningopcration, whieh is one of the most accurate manufacturing process¬ 
es. the machined parts may appear to be identical. but close inspection reveals dimension¬ 
al differences from one part to the next. These process variations constitute the statistical 
basis of control charts. 

21.1.1 Process Variations 

Manufacturing process variations can be divided info two types-, (1) random and (2) as- 
signable. Random variations result from intrinsic variability in the process, no matter how 
well designed or well controlled it is. All processes are characterized by these kinds of vari¬ 
ations, if one looks closely enough. Random variations cannot be avoided; they are caused 
by factors such as inherent human variability from one operation cycle to the next, minor 
variations in raw materials, and machine vibration. Individually, these factors may not 
amount to much.but collectively the errors can be significant enough to cause trouble un- 
less they are within the tolerances specified for the part. Random variations typically form 
a normal statistical distribution.The output of the process tends to cluster about the mean 
value, in terms of the product’s quality characteristic of interest, such as part length or di¬ 
ameter. A large proportion of the population is centered around the mean, with fewer parts 
away from the mean. When the only variations in the process are of this type, the process 
is said to be in statistical control. This kind of variability will continue so long as the process 

• Portions of this sec (ion and accompan ving problems at the end of this chapter are based on Groover [4], 
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is operating normally. It is when the process dcviates from this normal operating condition 
that variations of the second type appear. 

Assignable variations indicate an exception from normal operating conditions. Some- 
thing has occurred in the process that is not accounted for by random variations. Reasons 
for assignable variations include operator mistakes. defective raw materials, tool failures, 
and equipment malfunctions Assignable variations in manufacturing nsnally hetray them¬ 
selves by causing the output to deviate from the normal distribution. The process is sud- 
denly out of statistical control. 

Let us expand on our dcscriptions of random and assignable variations with reference 
to Figure 21.1. The variation of some part characteristic of interest is shown at four points 
in time fy.fj.^.and r,.These are the times during operation of the process when samples 
are taken to assess the distribution of values of the part characteristic. At sampling time / 0 
the process is seen to be operating in statistical control, and the variation in the part char¬ 
acteristic foilows a normal distribution whose mean = ii n and standard deviation = o 0 . 
This represents the inherent variability of the process during normal operation. The process 
is in statistical control. At sampling time r, an assignable variation has been introduced 
into the process, which is manifested by an inerease in the process mean (*i, > /i«).The 
process standard deviation seems unchanged {<r, = <r„). At time t 2 the process mean seems 
to have assumed its normal value = Mo). but the variation in the process mean has in- 
crcascd (cr 2 > <r 0 ). Finally, at sampling time r 3 ,both the mean and standard deviation of 
the process are observed to have inercased (ft } > m and <r ( > <r 0 ). 



Figure 21.1 Distribution of values of a part characteristic of interest at four 
times during process operation: at t v process is in statistical control; at r, process 
mean has inereased; at t 2 process standard deviation has inereased; and at 
both process mean and standard deviation have inereased. 
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Using stalistical mclhods based on the preceding distinction between random and 
assignable variations, it should be possible to periodically observe the process by collect- 
ing mcasurements of the part characteristic of interest and thereby detecting when the 
process has gone out of stalistical Control. The most applicable statistical method for doing 
this is the control chart. 


21-1.2 Process Capability and Tolerances 

Process capability re lales to the normal variations inhcrent in the output when the process 
is in statistical control. By definition.process capability equals ±3 standard deviations about 
the mean output valuc (a total range of 6 standard deviations): 

PC = p ± 3tr (21.1) 

where PC = process capability; p = process mean, which is set at the nominal value of 
the product characteristic (we assume bilateral tolerances are used);and u = standard de¬ 
viation of the process. Assumptions underlying this definition are: (1) the output is normally 
distrihuted. and (2) steady State operation hos been ochicvcd and the process is in statisti¬ 
cal control. Under these assumptions. 99.73% of the parts produeed will have output val- 
ues that fall within ±3.0o of the mean. 

The process capability of a given manufacturing operation is not always known (in 
faet, it is rarely known). and measurements of the characteristic of interest must be made 
to assess it.These measurements form a sample, and so the parameters p and o in Eq. (21.1) 
must be estimated from the sample average and the sample standard deviation, respec- 
tively.The sample average x is given by: 


i-. 

~ (21-2) 


and the sample standard deviation s can be calculated from: 



(21.3) 


where x, = measurement i of the part characteristic of interest; and n = the number of 
measurements in the sample,; = 1,2,...,«.Many hand-held calculators automatically 
compute these values based on input values of x f . The values of x and s are then substituted 
for p and <r in Eq. (21.1) to yield the following best estimate of process capability: 


The issue of tolerances is germane to our discussion of process capability. Design engi- 
neers tend to assign dimensional tolerances to components and assemblies based on their 
judgment of how size variations will affeet funetion and performance. The advantages and 
disadvantages of tight and loose tolerances are summarized in Table 20.2. 
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Consideration should be given by the design engineer to the relationship between 
the tolerance on a given dimension (or other part characterislic) and the process capabil- 
ity of the operation producing the dimension. Ideally, the specified tolerance should be 
greater than the process capability. If funetion and available processes prevent this, then a 
sorfation operation may have to be inrluderi in the manufacturing sequence to separate 
parts that are within the tolerance from those that are outside. 

When design tolerances are specified as being equal to process capability, then the 
upper and iewer boundaries of this range define the natural tolerance limits. It is useful to 
know the ratio of the specified tolerance range relative to the process capability, called the 
process capability index, defined as: 


PCI = 


UTL - LTL 
60 


(21.5) 


where PCI = process capability index; UTL = upper tolerance limit of the tolerance range; 
LTL = lower tolerance limit; and fur = range of the natural tolerance limits. The under- 
lying assumption in this definition is that the process mean is set equal to the nominal de¬ 
sign specification, so that the numerator and denominator in Eq. (21.5) are centered about 
the same value. 

Table 21.1 shows how defeet rate (proportion of out-of-tolerance parts) vanes with 
process capability index. It is clear that any inerease in the tolerance range will reduce the 
percentage of nonconforming parts.The desire to achieve very low fraction defeet rates has 
led to the popular notion of “six sigma" limits in quality control (bottom row in Thblc 21.1). 
Achieving six sigma limits virtually eliminates defeets in manufactured product, assuming 
the process is maintained within statistical control. 


21.2 CONTROL CHARTS* 

Control charts are the most widely used melhod in SPC. and our discussion in this section 
will focus on them.The underlying principle of control charts is that the variations in any 
process divide into two types, as previously described: (1) random variations, which arc the 
only variations present if the process is in statistical control; and (2) assignable variations, 
which indicatc a departure from statistical control. The purpose of a control chart is to 
identify when the process has gone out of statistical control, thus signaling the need for 
some corrective action to be taken. 

A control chart is a graphical technique in which statistics computed from measured 
values of a certain process characteristic are plotted over time to determine if the process 
remains in statistical control. The general form of the control chart is illustrated in 
Figure 21.2.The chart consists of three horizontal lines that remain constant over time: 
a center, a lower control limit (L CL), and an upper control limit (UCL).The center is 
usually set at the nominal design value. The UCL and LCL are generally set at ±3 stan¬ 
dard deviations of the sample means. 

It is highly unlikely that a sample drawn from the process lies outside the UCL or LCL 
while the process is in statistical control.Therefore, if it happens that a sample value does 

’ Portion;, of this section and accompanying problems at the end of this chapter are based on Groover 141, 
Section 42.5, 
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TABLE 21.1 Defect Rate as a Function of Rrocess Capability Index (Tolerance Defined in Terms 
of Number of Standard Deviations of the Process), Given That the Process Is 
Operating irt Statistical Control 


Process 

Capability 

Index 

(PCD 

Tolerance = 
Number o f 
Standard 
Deviations 

Defect 

Pate <%) 

Defeetive 
Parts per 
Million 

Commants 

0.333 

±1.0 

31.74 

317,400 

Sortation required. 

0.667 

±2.0 

4.56 

45,600 

Sortation required. 

1.000 

±3.0 

0.27 

2,700 

Tolerance - process capability. 

1.333 

±4.0 

0.0063 

63 ' 

Significant reduction in defeets. 

1.667 

±5.0 

0.000057 

0.57 

Rare occurrence of defeets. 

2.000 

±6.0 

0.0000062 

0.002 

Defeets almost never occur. 


Sample values 



2 4 6 10 12 14 16 ' lH 20 

Sample number. s 

Figure 21.2 Control chart. 


fali outside these limits, it is interpreted to mean lhat the process is out of Control. In re- 
sponse, an investigation is undertaken to determine the rcason for the out-of-control con- 
dition. and appropriate corrective action is taken to eliminate the condition. By similar 
reasoning, if the process is operating in statistical control, and there is no evidence of un- 
desirable trends in the data, then no adjustments should be made, since they would intro- 
duce an assignable variation to the process. The philosophy “if it ain't broke, don’t fix it” 
is applicable in control charts. 

There are two basic types of control charts; (1) control charts for variables and (2) con¬ 
trol charts for attnbutes. Control charts for variables require a measurement of the qoali- 
ty characteristic of interest. Control charts for attributes simply require a determination of 
whether a part is defeetive or how many defeets there are in the sample. 
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21.2.1 Control Charts for Variables 

A process thal is out of statistical control manifests this condi tion in the form of significant 
changes in: (1) process mean and/or (2) process variability. Corresponding to these possi- 
hilities. therc are two principal types of control charts for variables: (1) x chart and (2) R 
chart. The i chart (call it “i bar chart") is used to plot the average measured value of a 
certain quality characteristic for each of a series of samples taken from the production 
process. It indicates how the process mean changes over time. The R chart plots the range 
of each sample, thus monitoring the variability of the process and indicating whether it 
changes over time. 

A suitable quality characteristic of the process must be selected as the variable to be 
monitored on the x and R charts. In a mechanical process, this might be a shaft diameter 
or other critical dimension. Measurements of the process itself must be used to construct 
the two control charts. 

With the process operating smoothly and absent of assignable variations, a series of 
samples (e.g., m = 20 or more is generally rccommended) of small size (e g., n = 5 parts 
per sample) are collected and the characteristic of interest is measured for each part. The 
following procedure is used to construct the center, LCL, and UCL for each chart: 

t. Compute the mean x and range R for each of the m samples. 

2. Compute the grand mean S, which is the mean of the x values for the m samples. 
This will be the center for the x chart. 

3. Compute Æ. which is the mean of the R values for the m samples. This will be the cen¬ 
ter for the R chart. 

4. Determine the UCL and LCL for the x and R charts. Values of standard deviation can 
be estimated from the sample data using Eq. (21.3) to compute these control limits. 
However.an easier approach is based on statistical factors tabulated in Table 21.2 that 
have been derived speciftcaliy for these control charts. Values of the factors depend 
on sample size n. For the x chart: 


TABLE 21.2 Constants for the x and ff Charts 


Sample Size 

x Chart 

d 3 

ff Chart 

G. 

3 

1.023 

0 

2.574 

4 

0.729 

0 

2.282 

5 

0.577 

0 

2.114 

6 

0.483 

0 

2.004 

7 

0-419 

0.076 

1.924 

8 

0.373 

0.136 

1.864 

9 

0.337 

0.184 

1.816 

10 

0.308 

0.223 

1.777 
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LCL = i - A 2 R (21.6a) 

UCL = x * A 2 R (21.6b) 


And for thc R chart: 


LCL = DfR (21.7a) 

UCL = D 4 R (21.7b) 


EXAMPLE 21.1 x and R Charts 

Although 20 or more samples are recommended, let us usc a much smaller num- 
ber here to illustrate the calculations. Suppose eight samples (m = 8) of size 5 
(« = Si have been collected from a manufacturing process that is in statist ical 
Control, and the dimension of interest has been measured for each part. I( is de- 
sired to determinc the values of the center, LCL, and UCL to construct the .r 
and R charts. The calculated values of .i and R for each sample are given below 
(measured values are in centimeten:), which is step (I) in our procedure. 


S 1 2 3 4 5 6 7 6 

i 2.008 1.998 1.993 2.002 2.001 1 995 2.004 1.999 

ff 0.027 0.011 0.017 0.009 0.014 0 020 0.024 0.018 


Solution; In step (2), we compute the grand mean of the sample averages. 
_ _ 2.008 -r 1.998 + 1.913 + 2.0Q2 + 2.001 + 1.995 + 2.004 + 1,999 _ 


In Step (3), the mean value of R is computed 

0.027 + 0.011 + 0.017 + 0.009 + 0.014 + 0.020 + 0.024 + 0.018 
—------^-—--- = 0.0175 cm 


In step (4), the values of LCL and UCL are determined based on factors in 
Table 21.2. First, using Eq- (21.6) for the x chart, 

LCL = 2.000 - 0.577(0.0175) = 1 9899 
UCL = 2.000 + 0.577(0.0175) = 20101 
And for the R chart using Eq (21.7), 

LCL = 0(0.0175) = 0 
UCL = 2.114(0.0175) = 0.0370 
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wherep. - process mean;<r = standard deviation c-f Ihc process;and« = sample size.The 
L< L and (.XI. values given by Eqs. (21.8) are theoretically the same values as those cal- 
eulated b\ Eqs. (21 .fe). Hovvever, when first setring up the x chart for a process. the mean 
and standard deviation for the process variable of interest are generally not known. Ac- 
eordingly.Eqs.(21.6).based on measured x and R values.canbc convenientlv used tocom- 
pute the conirol chart parameters, with the control limits set at the values defined in Eqs. 
(21.6) or (21-7). 99.73% of the random samples drtwn front a process that is in statistical 
control will Be inside the control limits, and only 0.27% will lie outside these control limits. 

Readerj, will note thai the standard deviation of the sample means is related to the 
population standard deviation by the rcciprocal of the square root of n, the number of 
unils in the sample: that is. 



where <7; = standard deviation of Ihc sample mean, and the other terms have been defined. 

21.2.2 Control Charts for Attributes 

Control charts for attributes monitor the number of defeets present in the sample or the 
fraction defeet rate as the plotted statistic. Examples of these kinds of attributes include: 
number of defeets per automobile, fraction of nonconforming paris in a sample, existence 
or absence of flash in a plastic ntolding, and number of flaws in a roil of sheet Steel. In- 
spection procedures that involve GO/NO-GO gaging are included in this group sincc they 
determinc wfiether a part is good or bad. 

The two principal types of control charts for attributes are: (1) the p chart, which 
plots the fraction defeet rate in successive samples; and (2) the c chart, which plots the 
number of defeets, flaws. or other nonconformities per sample. 

p Chart. Fn the p chart, the quality characteristic of interest is the proportion (p for 
proportion) of nonconforming or defeetive units. For each sample, this proportion p, is the 
ratio of Ihc number of nonconforming or defeetive items d, over the number of units in the 
-sample n (assume samples are of equal size in constructing and using the control chart): 

A = ~ (21.10) 


where i is used to identify the sample. If the p, values for a sufficient number of samples 
are averaged, the mean value p is a reasonable estimate of the true value of p for the 
process.The p chart is based on the binomial distribution, where p is the probability of a 
nonconforming unit. The center in the p chart is the computed value of p for m samples 
of equal size n collccted while the process is operating in statistical control. 


P 


% Pi 


( 21 . 11 ) 


The control limits are computed as three standard deviations on either side of the cen¬ 
ter. Thus. 
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LCL = p — 3 ( 2U2a ) 

UCL = p + 3 y j^~ n ^ (21.12b) 


where the standard deviation of p in the binomial distribution is given by 

(21.13) 

If the vatuc of p is relativcly low and the sample size n is small, then the LCL computed 
by the first of these equations is likely to be a negative value. In this case, let LCL = 0. (The 
fraction Jefect rate cannot be less than zero.) 


EXAMPLE 21.2 p Chart 

Ten samples (m = 10) of 20 parts each (n = 20) have been collected. In one 
sample there were no defects; in three samples there was one defect; in live 
samples there were two defects; and in one sample there were three defects. 
Determin« the center, LCL, and UCL for the p chart. 


Solution: The center value of the Control chart can be calculated by summing the total 
number of defects found in all samples and dividing by the total number of 
parts sampled: 


. 1(0) + 3(1) -i- 5(2) + 1(3) 

P 10(20) 


The LCL is given by Eq. (21.12a): 


LCL = 0.08 - (~ 20 U08> - 0.08 - 3(0.06066) = 0.08 - 0.182 -* 0 

The upper control limit, by Eq. (21.12b): 


/0.08(1 - 0.08) 

UCL = 0.08 + 3 J-— - - = 0.08 + 3(0.06066) = 0.08 + 0.182 = 0.262 


c Chart. In the c chart (c for count), the nurober of defects in the sample are plot- 
ted over time. The sample may be a single product such as an automobile, and c = num¬ 
ber of quality defects found during final inspection. Or the sample may be a length of 
cai'peling at ihe factory prior to cutting, and c = number of imperfections discovered per 
100 m.The c chart is based on the Poisson distribution, where c — parameter represent- 
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mg the number of events occurring within a defmed sample space (defects per car, imper- 
fections per specified length of carpet). Our best estimate of the true value of c is the mean 
value over a large number of samples drawn while the process is in statistical Control: 



(21.14) 


This value of c is used as the center for the control chart. In the Poisson distribution, the stan¬ 
dard deviation is the square root of parameter c.Thus, the control limits are: 

LCL ='c - 3Vc (21.15a) 

UCI. = c + 3 Vf (21.15b) 


EXAMPLE 21.3 c Chart 

A continuous plastic extrusion process is considered to be operating in statis 
tical control, and il is desired to develop a c chart to monitor the process. Eight 
hundred meters of the extrudate have been examined and a total of 14 surface 
defects have been detected in that length. Develop the c chart for the process, 
using defects per hundred meters as the quality characteristic of interest. 

Solution: The average value of the parameter c can be determined using Eq. (21.14): 


r = — = 1.75 


This will be used as the center for the control chart.The LCL is given by Eq. (15a): 

LCL = 1.75 - 3VT75 = 1.75 - 3(1.323) = 1.75 - 3.969 -► 0 
And the UCL, using Eq. (21.15b): 

UCL = 1.75 + 3\/L75 = 1.75 + 3(1.323) = 1.75 + 3.969 = 5.719 


21.2.3 fnterpreting the Control Charts 

When control charts are used to monitor production quality, random samples are drawn 
from the process of the same size n used to construct the charts. For x and R charts, the x 
and R values of the measured characteristic are plotted on the control chart. By conven- 
tion, the points are usually connected as in our figures To interpret the data, one looks for 
signs that indicate the processis not in statisticalcontrol.The most obvious sign is: (1) when 
xot R (or both) tie outside the LCL or UCL limits This indicates an assignable cause such 
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as bad starting materials, new operator, wrong equipment setting, broken tooling, or simi- 
lar factors. An oui-of-limit x indicates a shift in the process tnean. An out-of-liinit K shows 
that the variability of the process has probablv changed. The usual effect is that R increases, 
indicating variability has risen. Less obvious condilions may be revealed even though the 
sample points lic within ±3tr limits. These conditions include: (2) trends or cyclical pat- 
tems in the data, which may mean wear or other factors that occur as a function of time; 
(3) sudden changes in the average values of the data; and (4) points consistently near the 
upper or lower limits.The same kinds of interpretations that apply to the x chart and R chart 
are also applicable to the p chart and c chart. 

Montgomery [6] lists a set of specific indicators that a process is likely to be out of sta¬ 
tistical control and that correclive action should be taken.The indicators are: 

1. one point Ihat lics outsidc the UCL or LCL 

2. two out of three consecutive points that lic beyond ±2tr on one side of the center 
line of the control chart 

3. four out of five consecutive points that lie beyond ±lcr on one side of the center line 
of the control chart 

4. eight consecutive points that lie on one side of the center line 

5. six consecutive points in which each point is always higher than its predecessor or six 
consecutive points in which each point is always lower than its predecessor. 

Control charts serve as the feedback loop in SPC, as suggested by Figure 21.4.They rep¬ 
resent the measurement step in process control. If the control chart indicates that the 
process is in statistical control, then no action is taken. However, if the process is identified 



Figure 21,4 Control charts lised as the feedback loop in SPC. 
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as bcing out of statistical control. then thc cause of the problem must be identificd and 
corrective action must be taken. 


21.3 OTHER SPC TOOLS 


Allhough control charts are the most commonly used tool in SPC, there are other tools thai 
are also important. Each has its owit area of application. In this scction, wc discuss the re- 
maining six of thc magnificent seven. 


21.3.1 Histogra'ms 

The histogram is a basic graphical lool in statistics. After the control chart, it is probably 
the most important mcmber of the SPC tool kit. A histogram is a statistical graph consist- 
ing of bars rcprcsentingdifferent val ues or ranges of val ues, in which the length of each bar 
is proportional to the frequency or relative frequency of the value or range, as shown in Fig- 
ure 21.5. It is a graphical display of the frequency distribution of the numerical data. What 
makcs the histogram such a useful statistical tool is that it enables thc analyst to quickly vi- 
sualize the features of a complete set of data.These features include: (1) the shape of the 
distribution. (2) any central tendency cxhibited by the distribution, (3) approximations of 
the mean and mode of the distribution, and (4) the amount of scatler or spread in the data. 

EXAMPLE 21.4 Frequency Distribution and Histogram 

Part dimension data from the same process as in Example 21.1 are displayed in 
the frequency distribution of Table 21.3.The data are thc dimensional values of 
individual parts taken from the process, while the process is in statistical con¬ 
trol. Plol the data as a histogram and draw inferences from the graph. 


TABLE 21.3 Frequency Distribution of Part Dimension Data 


Range o f Dimension Frequency Relative Frequency 


1.975 s x < 1.980 1 

1.980 s x < 1.985 3 

1.985 s x< 1.990 5 

1.990 s x< 1.995 13 

1.995 s x< 2.000 29 

2.000 < x < 2.005 27 

2.005 s x < 2.010 15 

2.010 s x< 2.015 4 

2.015 s x < 2.020 2 

2.020 < x < 2.025 1 


0.0; 

0.03 

0.05 

0.13 

0.29 

0.27 

0.15 

0.04 

0.02 

001 


Cumutative Relative Frequency 


0.01 

0.04 

0.09 

0.22 

0.51 

0.78 

0.93 

0.97 

0.99 

1.00 
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Solution: The frequency distribution in Table 21.3 is displayed graphicallv in the his¬ 
togram of Figure 21.5. We can see that the distribution is normal (in all likeli- 


,7 I 



Figure 21.5 Histogram of the data in Table 21.3. 


hood),and that the mean is around 2.00. We can approximatc the standard de¬ 
viation to be the range of the values (2.025 - 3.975) divided by 6, based on the 
faet that nearly the entire distribution (99.73%) is contained within ±3tr of the 
mean value. This gives a <r value of around 0.008. 


21.3.2 Pareto Charts 

A Pareto chart is a special form of histogram, illustrated in Figure 21.6, in which attribute 
data are arranged according to some criterion such as cost or value. When appropriately 
used, it provides a graphical display of the tendency for a small proportion of a given pop¬ 
ulation to be more valuable than the mueh larger majority. This tendency is sometimes re- 
ferred to as Pareto's Lave, which can be succinctly stated: “the vital few and the trivial 
many.” 3 The “!aw” was identified by ViJfredo Pareto (1848-1923), an Italian economist and 
sociologist who studied the distribution of wealth in Italy and found that most of it was held 
by a small percentage of the population. 

Pareto's Law applies not only to the distribution of wealth but to many other distri¬ 
butions as well. The law is often identified as the 80%-20% rule (although exact percent- 


’The statement is altr 


ibuted to J. Juran (5) 
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Producl models 


Figure 21.6 Typical (hypothetical) Pareto distribution of a factory’s production 
output. Although there are ten models produced, two of the models account 
for 80% of the total units. This chart is sometimes referred to as a P-Q chart, 
where P = products and Q = quantity of production. 


ages may differ from 80 and 20): 80% of the wealth of a nation is in the hånds of 20% of its 
people: 80% of inventory value is accounted for by 20% of the items in inventory; 80% of 
sales revenues are generated by 20% of the customers; 80% of the quality savings can be 
obtained from 20% of the quality problems; and 80% of a factory’s production output is con- 
centrated in only 20% of its product models (as in Figure 21.6). What is suggested by Pare- 
to’s Law is thai the most attention and effort in any study or project should be focused on 
the smaller proportion of the population that is seen to be the most important. 


21.3.3 Check Sheets 

The check sheet (not to be confused with “check list") is a data gathering tool generally iised 
in the preiiminary stages of the study of a quality problem.The operator running the process 
(e.g., the machine operator) is often given the responsibility for recording the data on the 
check sheet. and the data are often recorded in the form of simple check marks. 

EXAMPLE 21.5 Check Sheet 

For the dimensional data in the frequency distribution of Table 21.3, suppose we 
wanted to see if there were any differences betvveen the three shifts that are 
responsible for making the parts. Design a check sheet for this purpose. 

Solution: The check sheet is illustrated in Table 21.4. The data indude the shifl on which 
each dimensional value was produced (shifts are identified simply as 1,2, and 3). 
The data in a check sheet are usually recorded as a fanetion of time periods 
(days, weeks, months), as in our table. 
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TABLE 21.4 Check Sheet in Which Data from the Frequency Distribution of Table 21.3 Are Recorded 
According to Shifr (1.2, or 3) on Which the Parts Were Made 


Range of Dimension 

May 5 

May 6 

May 7 

May 8 

May 9 

Weekly Totals 

1.975 s x < 1.980 



3 



1 

1.980 s x < 1.985 


2 


3 

3 

3 

1.985 s x< 1.990 

1 

3 

3 

1 

3 

5 

1.990 s x< 1.995 

12 

1123 

1 2 

1 2 

1 22 

13 

1.995 S x < 2.000 

11222 3 

11 22 3 

111 222 3 

11 222 3 

1122 3 

29 

2.000 S x < 2.005 

11 22 3 

11 22 3 

111 22 3 

11 222 3 

111 22 

27 

2.005 s x < 2.010 

123 

1 23 

22 3 

1 33 

123 

15 

2.010 s x < 2.015 

3 

3 

3 


3 

4 

2.015 s x< 2.020 

3 



3 


2 

2.020 s x < 2.025 

3 





1 

Total Parts/Day 

20 

20 

21 

20 

19 

100 


It is clear from the data tbat the third shift is responsible for much of the vari- 
ability in the data. Further an aly sis, shown in Table 21.5,substantiates this tind¬ 
ing. This should lead to an investigation to determine the causes of the greater 
variability on the third shift, with appropriate corrective action to address the 
problem. The result of the corrective action might be to improve the process ca- 
pability of the manufacturing operation making the parts. 


TABLE 21.5 Summary of Data from Check Sheet of Table 21.4 Showing Frequency of 
Each Shift in Each of the Dimension Ranges 


Range of Dimension 

Shift 1 

Shift 2 

Shift 3 

Totals 

1.975 s x < 1.980 



1 

1 

1.980 s x< 1.985 


1 

2 

3 

1.985 s x < 1.990 

2 


3 

5 

1.990 < x < 1.995 

6 

6 

1 

13 

1.995 s x < 2.000 

11 

13 

5 

29 

2.000 s k < 2.005 

12 

11 

4 

27 

2.005 s x < 2.010 

4 

5 

$ 

15 

2.010 < x < 2.015 



4 

4 

2.015 s x< 2.020 



2 

2 

2.020 s x < 2.025 



1 

1 

Weekly Total Parts/Shift 

35 

36 

29 

'-100 

Average Daily Parts/Shift 

7.0 

7.2 

5.8 


We also note from Table 21.5 that the average daily production rate for the 
third shift is somewhat below the daily rate for the other two shifts. The third 
shift seems to be a problem that demands management attention, 
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Check sheets can take many different forms, depending on the problem situation and the 
ingenuily of the anaJyst.The form should be designed to allow some interpretation of re¬ 
sults directly from the raw data, although subsequent data analysis may be necessary to rec- 
ognize trends, diagnose the problem, or identify areas of further study. The following types 
of check sheets can be distinguished [3J: 

1. Proces'i distribution check sheet. This is designed to collect data on process variabil- 
ity. Our example check sheet in Table 21.4 is this type. 

2. Defective item check sheet. This check sheet is intended to enumerate the variety of 
defeets occurring, together with their frequency of occurrence. 

3. Defect location check sheet. This is intended to identify where defeets occur on the 
product. Its purpose is the same as the defect concentration diagram (Section 21.3.4). 

4. Defect factor check sheet. This check sheet is used to monitor the input parameters in 
a process that might affeet the incidence of defeets. The input parameters might in- 
clude equipment, operator, process cycle time, operating temperature-whatever is 
relevant to the process being studied. 


21.3.4 Defect Concentration Diagrams 

This is a graphical method that has been found to be useful in anaJyzing the causes of prod¬ 
uct or part defeets. The defect concentration diagram is a drawing of the product with all 
relevant views displayed, onto which have been sketched the various defect types at the lo¬ 
cations where they each occurrcd. By analyzing the defect types and corresponding loca¬ 
tions, the underlying causes of the defeets can possibly be identified. 

Montgomery [6] describes a case study involving the final assembly of refrigerators 
that were plagued by surface defeets. A defect concentration diagram (Figure 21.7) was uti- 
lized to anaiyze the problem.The defeets were clearly shown to be concentrated around the 
middle section of the refrigerator. On investigation, it was learned that a belt was wrapped 
around each unit for material handling purposes. It became evident that the defeets were 
caused by the beit, and corrective action was taken to improve the handling method. 
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Figure 21.8 Scatter diagram showing the 
effect of cobait binder content on wear 
6 9 12 is %co re sistanceof a cemented Carbide cutting 

Cobait contem toolmsert. 

21.3.5 Scatter Diagrams 

In many industrial problems involving manufacturing operations, it is desirable to identi- 
fy a possiblc relationship that exists bctween two process variables The scatter diagram is 
useful in this regard. A scatter diagram is simply an x-y plot of the data taken of the two 
variables in question, as illustrated in Figure 21.8.The data are plotted as pairs; for each x t 
value, thcre is a corresponding y, value.The shape of the data points considered in aggre- 
gate often reveals a pattern or relationship between the two variables. For exampie, the scat¬ 
ter diagram in Figure 21.8 indicates that a negative correiation exists between cobait content 
and wear resistance of a cemented Carbide cutting tooi. As cobait content increases,wear 
resistance decreases. One must be circumspect in using scatter diagrams and in extrapolating 
the trends that might be indicated by the data. For instance, it might be inferred from our 
diagram that a cemented Carbide tool with zero cobait content would possess the highest 
wear resistance of all. However, cobait serves as an essential binder in the pressing and 
sintering process used to fabricate cemented Carbide tools, and a minimum level of cobait 
is necessary to hold the tungsten carbide particles together in the final product.There are 
other reasons why caution is recommended in the use of the scatter diagram, since only two 
variables are plotted. There may be other variables in the process whose importance in 
determining the output is far greater than the two variables displayed. 

21.3.6 Cause and Effect Diagrams 

The cause and effect diagram is a graphicai-tabular chart used to list and analyze the po¬ 
tential causes of a given problem. It is not really a statistical tool in the sense of the pre- 
ceding tools. As shown in Figure 21.9, the diagram consists of a central stem leading to the 
effect (the problem), with multiple branches coming off the stem listing the various groups 
of possible causes of the problem. Because of its characteristic appearance, the cause and 
effect diagram is also known as a fishbone diagram. In application, the cause and effect di¬ 
agram is devetoped by a quality team. The team then attempts to determine which causes 
are most consequential and how to take corrective action against them. 



21.4 IMPLEMENTING STATISTICAL PROCESS CONTROL 

There is more to successful implementation of SPC than the seven SPC tools. The tools pro- 
vide the mechanism by which SPC can be implemented, but the mechanism requires a dri- 
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frigive 21 .V Cause and effeet diagram for a manual soldering operation The di¬ 
agram indicates the effcct (the problem is poor solder joints) at the end of the 
artow.and the possible causes are listed on the bianches leading toward the effeet. 


ving force The driving force in implementing SPC is management commitment to quality 
and the process of continuous improvement. Through its involvement and exampie, man¬ 
agement drives the successful implementation of SPC. Although management is the most 
important ingredient, there are other factors that play a role. In this section, we discuss 
two topics related to SPC implementation: (l)-elements of a successful SPC program and 
(2) how to carry out a quality improvement project. 

21.4.1 Elements of a Successful SPC Program 

Five elements usually present in a successful SPC program can be identified as follows in 
their order of importance, based on [6]: 

1. Management commitment and leadership. This is probably the most important ele¬ 
ment. Management sets the exampie for others in the organization to foIJow. Con¬ 
tinuous quality improvement is a management-driven process. 

2. Team approach to problem solving. Quality problems in production usually require 
the attention and expertise of more than one person for their solution. It is difficult 
for one tndividual, acting alone, to make the necessary changes to solve a quality 
problem. Teams whose members contribute a broad pool of knowledge and skilis are 
found to be the most effeet approach to problem solving. 

3. SPC training for all employees. Employees at all levels in the organization must be 
knowledgcablc in the tools of SPC so that tbey can be applied in all funetions of the 
enterpnse. SPC training must be made avaitable to everyone, from the chief execu- 
tive officer to the starting production worker. 
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4. Emphasis on continuous improvement. By the commitmenl and example of manage¬ 
ment, the process of continuous improvement is pervasive throughout the organization. 

5. A recognition and communication system. Finally. there should be a mechanism for rec- 
ognizing successful SPC efforts and communicating Ihem throughout the organization. 

21.4.2 AccDmplishing a Quality Improvement Project 

Quality probiems are usually attacked on a project-by-project basis by project teams. (Re- 
call that the team approach is one of the five elements of successfu! SPC implementation.) 
The teams consist of representatives from various departments. Members are selectcd ac- 
cording to their knowledge and expertise in the problem area.They serve part-time on the 
project team in addition to fulfilling their regular duties. On completion of the project, the 
team is disbanded. 

The steps in each project will vary depending on the type of quality problem being 
addressed. Details of the recommcndcd approaches vary with different authors [5], [7]. [8]. 
The following is a logical sequence of steps derived from these references: (1) select the pro¬ 
ject, (2) observe the process, (3) analyze the process and conduct experiments if appropri- 
ate, (4) formulate corrective action, and (5) implement the corrective action. These steps 
are discussed in Table 21.6. and we indicate where each of the seven SPC tools might be 
utilized in a quality improvement project. 

1. Select the Project. Identifying an appropriate quality project is sometimes more 
difficult than it might seem. The problems that often stand out are ones that require im- 
mediate attention. Of course, these problems must be solved. But the significant gains in 
quality are often found in the chronic problems that are sometimes obscured by the more 
dramatic ones. 

How is an appropriate quality project identified? The ideal attributes include: (1) it 
addresses a chronic problem; (2) the problem is significant; (3) the project is fcasible and 


TABLE 21.6 Applications of the Seven SPC Tools in a Quality Improvement Project 


Quality Improvement Project Step 

SPC Tool 

Other Techniques and Actions 

1. Select the project 

Control charts 

Pareto chart 

Pareto priority index 

2. Observe the process 

Check sheet 

Check list 

Propose theories and 
hypothases 

3. Analyze the project 

Histogram 

Pareto chart 

Defect concentration diagram 
Scatter diagram 

Cause and effeet diagram 

Conduct experiments 

Computer simulations 
Evolutionary operations on 
actual process 

Lite rature review 

4. Formulate corrective action 

5. Implement corrective action 

Scatter diagram 

Cause and effeet diagram 

Make recommendations 
Management approval and 
authoritation 

Revise procedures 

Manage change 

Project assessment (audit) 
Disband team 
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it is possible to solve the problem within a reasonable time period; (4) savings should ex- 
ceed project cost. where savings include intangible as well as tangible factors; and (5) it 
should be a learaing cxperience in quality improvement that will be of value in future pro¬ 
jects. 

An approach described in [5] is based on Pareto analysis {Section 21.3.2). The ap¬ 
proach was ased at AT&T to evaluate and prioritize potential projects (not limited to qual¬ 
ity projects). It makes use of a Pareto priority index, which is defined: 

PPI-^P ( 21 . 16 ) 

where PPI — Pareto priority index; El S) = expected savings from the project. which equals 
anticipatcd savings multiplied by the probability of success; C = cost of project: and 
T = time tocomplete (yr).Thc candidate project(s) with the highest PPI value is (are) se- 
lected for study. 

2. Observe the Process. This involves a preliminary study to allow the project 
team to team about the process (the term “process" refers to the problem area under study, 
which is often a manufacturing process or an organizational procedure). The study often 
involves a checklist of basic questions about the process, such as those in Table 21.7. 

It is during this step in the project that theories about the problem arc proposed. A 
theory is a hypothesis put forth to explain the cause of the problem. It is a speculation 
about the relationships that might exist between certain observed phenomena of the 
process. Theories arc dcvcloped by project team members and by others familiar with the 
problem, such as operators, line supervisors, and technical staff. They provide the basis for 
subsequent analysis and experimentation. 

3. Analyze the Process. Analysis is where most of the working day of at least 
some of the team members is spent on the project. Through discussion and debate within 
the project team, some of the proposed theories are discarded while others are selected for 
testing. The cause and effeet diagram (Section 21.3.6) is often useful in examining the var- 
ious hypotheses about the problem. 

To prove ox disprove certain theories, experiments are often required. Experimen¬ 
tation involves collecting data from the process, generally under closely controlled condi- 
tions. In some cases, the experiments may be conducled on a pilot plant or computer model 

TABLE 21.7 Checklist of Questions During Observation of the Process 

What are the inputs and outputs of the current operation? 

What are the process parameters that affeet quality? 

Js the process output in conformance with engineering spacification? 

Is the process currently in statistical control? If so, what are its statistical characteristics, 
for example, its process mean and standard deviation? 

What are the symptoms of the problem? Asking the operators who run the process is 
essential. 

How frequently does the process go out of control? 

What are the reasons that the process goes out of control? Develop a list of reasons. 
There may be one or two dominant reasons that should be examined closely. 
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of the process, rather than on the process itseif. This allows certain phenomena lo be in- 
vestigated tha! might be dangerous or impossible with the real process. Also, testing of the 
actual process may lead to disruptions in production that are deemed undesirable. Exper- 
iments are conducted in quality improvement projects with various objectives, including the 
following: (1) delermine which factors are most important in affecting output variables of 
interest. (2) determine which factors are most responsihle for process variability, (3) define 
relationships among input and output factors, and (4) drive the process output toward a 
more desirable level. 

The first three objectives rcquire experiments that musl be carefully designed to 
maximize the likelihood that the desired information can be extracted from the data. De¬ 
sign of experiments is a complex subjcct in statistics that is well beyond the scope of our 
text, and the interested reader is referred to the literature in that field. The fourth objec- 
tive can be accomplished using evolutionary operations , a systematic scarch technique de- 
veloped by G. Box [1], in which small changes in input parameters are made in the process 
to ascertain their effeet on a given process output. Based on the effeet of the small changes, 
larger changes are then made in the inputs to improve the value of the output. 

4. Formulate Corrective Action. Based on the results of the analysis, an action plan 
is formulated to solve the problem. The action plan consists of one or more recommend- 
ed changes designed to improve quality. The changes may improve other performance pa¬ 
rameters as well, such as cost and productivity. The recommended changes are specil.c to 
the problem, but typical examples include: revised work procedures to be followed by work- 
ers, additional worker training, better tooling for the process, change in raw materials. 
change in product design, new Controls on the process, and replacement of equipment. 

In most organizations, the action plan requires approval by management. The pro¬ 
posed changes will doubtlessly affeet personnel directly involved with the process, and so 
management approval is needed to make the action plan official. Commitment of compa- 
ny resources may be required to implement the plan. and funds must be authorized by 
management Even though the project team has devoted mueh time and effort in developing 
a solution to the problem, management may have a perspective not possessed by any of the 
team members. That perspective may mean the difference between success and failure of 
the plan. For these and other good reasons, the action plan must undergo a management 
approval procedure prior to implementation. 

5. Implementation. Implementation raeans enacting the changes proposed in the 
corrective action plan. Aside from the hardware changes in the process (e.g„ new process¬ 
ing equipment, betler sensors), there is the human side of change that often presents greater 
challenges than the physicai changes. In any social organization there is resistance to change. 
There are many suggested guidelines to follow when implememing changes that affeet hu¬ 
mans, and we properly leave these to other references. 

As part of implementation, it is necessary to monitor the effeet that the changes have 
on the process. Do the changes result in the desired improvements in quality? What are the 
unanticipated side effeets? When it is established that the desired results have been 
achieved, the changes must be standardized.This simply means that the altered process be- 
comes the new standard process. Line supervision and technical staff must be apprised of 
the changes.Documentationmust be prepared detailing the new method. Worker training 
may be required.The center and Control limits of the control charts may have to be adjusted 
in light of the improvement. 
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Fir.allv, lt is desirable to perform an audit of the project. How successful was the 
proccss ot performing the project? How did the project team work together? What were 
the biggesl implemcntation problems? What should be done differently on the next pro¬ 
ject? bor an organization committed to continuous improvement. answers to these kinds 
of quostions help to finc-tune its problem-solving skilis. 
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Note: Problems 2 and 5 require use of standard normal distribution tables nol included 
in this text. 

Process Capability and Statistical Tolerancing 

21.1 A t timing process is in statistical Control and the output is normally distributed, producing 
parts with a roean diameter = 30.020 mm and a standard deviation = 0.040 mm. Determine 
the proccss capability. 

21.2 In Problem 21.1, the design specificalion on the part is that the diameter = 30.000 ± 
0.150 mm. (a) WTiat proportion of parts fail outside the tolerance limits? (b) If the process 
is adjusted so Ihat its mean diameter = 30.000 mm and the standard deviation remairs the 
same. what proportion of parts fail outside the tolerance limits? 

21-3 An aulomated tube bending operation produces parts with an included angle = 9J.2°. The 
proccss is in statistical control. and the values of included angle are normally distributed 
with a staudaid deviation = 0-55°. 1 he design specificalion on the angle = 90.0° ± 2.0°. 
(a) Determine the process capability. (b) ff the process could be adjusted so that its 
mean — 90.0°. determine the value of the process capability index. 
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21.4 A plastic extrusion process is in statistical control and the output is normally distributed. Ex- 
trudate is produccd with a critical cross-seclion dimension = 28.6 mm and standard devia¬ 
tion = 0.53 mm. Detcrmine the process capability. 

2LS In Problem 2L.4, the design specification on the part is that the critical cross-sectional di¬ 
mension = 28.0 ± 2.0 mm. (a) What proportion of parts fali outside the tolerance limits? 

(b) If the process were adjusted so that ns mean diameter = 28.0 mm and the standard de¬ 
viation remained the same. what proportion of parts would fali outside the tolerance limits? 

(c) With ibe adjusted mcan at 28.0 mm. determine the value of the process capability index. 

Control Charts 

21.6 Seven samples of live parts cacb have been collected from an extrusion process that is in sta- 
listical control. and the diameter of the extrudate has been measured for each part. (a) De- 
terminc ths values of the center, I.CL, and UCL for x and R charts. The calculated values 
of x and R for cach sample arc given below (measured values are in inches). (h) Construcl 
ihe control charts and plot the sample data on the charts. 


s 1 2 3 4 5 6 7 

i 1.002 0.999 0.995 1.004 0.996 0.998 1.006 

S 0.010 0.011 0.014 0.020 0.008 0.013 0.017 

21.7 Ten samples uf size n = 8 have been cotlected from a process in statistical control, and the 
dimension of interest has been measured for each part. (a) Determine the values of the cen¬ 
ter, LCL.and UCL for the x and R charts.The calculated values of x and R for each sam¬ 
ple arc given below (measured values are in millimeters), (b) Construct the control charts 
and plot the sample data on the charts. 


s 1 2 3 4 5 6 7 8 9 10 

x 9.22 9.15 9.20 9.28 9.19 9.12 9.20 9.24 9.17 9.23 

« 0.24 0.17 0.30 0.26 0.27 0.19 021 0.32 0.21 0.23 

21.8 In 12 samples of size n = 7, the average value of the sample means is_5 = 6.860 in for the 
dimension of interest, and Ihe mean of the ranges of the samples is R = 0.027 in. Deter¬ 
mine: (a) LCL and UCL for the i chart and (b) LCL and UCL for the R chart, (c) What is 
your best estimate of the standard deviation of the process? 

21.9 In nine samples each of size n = 10, the grand mean of the samples is x = 100 for the char- 
acteristic of interest, and the mcan of the ranges of the samples is R - 8.5. Determine: 
(a) LCL and UCL for the x chart and (b) LCL and UCL for the R chart, (c) Based on the 
data given, estimate the standard deviation of the process. 

21.10 A p chart is to be constructed. Stx samples of 25 paris each have been collected, and the 
average number of defeets per sample = 2.75. Determine the center. I.CL. and UCL for 
the p chart. 

21.11 Ten samples of equal size are taken to prepare a p chart. The total number of parts in these 
ten samples was 900, and the total number of defeets counted was 117. Determine tbe cen¬ 
ter. LCL and UCL for the p chart. 

21.12 The yield of good chips during a certain step in Silicon processing of integrated circuits av¬ 
erages 91%. The number of chips per wafer is 200. Determine the center, LCL.and UCL for 
the p chart that might be used for this process. 

21.13 The UCL and LCL for a p chart arc: LCL = 0.10 and UCL = 0.24. Determine the sample 
size n that is used with this control chart. 
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21.14 The UCL anJ LCL for a p charl are: LCL = 0 and UCL = 0.20. Delermine the sample size 
n ibat is compatible with this control chart. 

21.15 Twclve cars were inspcc:cd after final assembly.The number of defeets found ranged belween 
87 and 139 defeets per car with an average ol 116. Deierminc ihe center UCL. and LCL for 
the c chart that might bc used in this situation. 

21.16 (■nrcach of the three Control charts in FlgureP21.16. identifv whelher there is cvidencc that 
the process cepicted is out of cunirol. 






Rgure P21.16 Control charts for analysis. 
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Miscellaneous 

21.17 Consider some manufacturing process with which you are familiar thai manifests some 
chronic problem. Develop a cause and effect diagram that identifies the possible causes of 
the problem. This is a project that lends itself to a team activity. 

21.18 Consider some organizational procedure with wbich you are familiar in your company that 
manifests some chronic problem. Developa cause and effect diagram that identifies the pos- 
sible causes of the problem. This is a project that lends itself to a team activity. 

21.19 Six quality improvement projects are being considered for possible selection. The antici- 
pated project cost, savings, probability of success, and time to complete are given in the ac- 
companying table. Which project should be se!ected if the Pareto priority index is used as 
the selection criterion? 


Project 

Cost 

Savings 

Pr (Success) 

Time to Complete 

A 

$20.000 

$50,000 

0.80 

1.5 yr 

B 

$10,000 

$34,000 

0.90 

1,2 yr 

C 

$35,000 

$60,000 

0.75 

2.0 yr 

D 

$6,000 

$25,000 

0.90 

1.5 yr 

E 

$25,000 

$90,000 

0.60 

2.5 yr 

F 

$20,000 

$80,000 

0.85 

0.75 yr 
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In quality control. inspection is the means by which poor quality is detected and good qual- 
ity is assuied. Inspection is traditionally accoinplished using la bor-intensive met/iods that 
are time-consuming and costly. Consequently, manufacturing lead time and product cost are 
inereased without adding any real value. In addition, manual inspection is performed after 
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the process. often after a significant time delay.Therefore, if a bad product has been made, 
it is too latc to correct the defect(s) during regular processing. Parts already manufactured 
that do nol meet specified quality standards must either be scrapped or rcworked at addi¬ 
tional cost. 

New approaches to quality control are addressing these problems and drastically al¬ 
tering the way inspection is accomplished. The new approaches includc: 

• 100% automated inspection rather than sampling inspection using manual methods 

• on-line sensor systems to aceomplish inspection during or immediately after the man¬ 
ufacturing process rather than off-line inspection performed later 

• feedback control of the manufacturing operation, in which process variables that de- 
termkie product quality are monitored rather than the product itself 

• software tools to track and analyze the sensor measurements over time for statisti- 
cal process control 

• advanced inspection and sensor technologies, combined with computer-based sys¬ 
tems to automate the operation of the sensor systems. 

In this chapter, we examine some of these modern approaches to inspection with an em- 
phasis on aueomating the inspection funetion. tn the following chapter, we discuss the rel¬ 
evant inspection technologies such as coordinate measuring machines and machine vision 

22 .1 INSPECTION FUNDAMENTALS 

The term inspection refers to the activity of examining the product, its components, sub- 
assemblies, or materials out of which it is made, to determine whether they conform to de¬ 
sign specificatioas.The design specifications are defined by the product designer. 

22.1.1 Types of Inspection 

Inspections can be classified into two types, according to the amount of information derived 
from the inspection procedure about the item’s conformance to specification: 

1. Inspection /or variables, in which one or more quality characteristics of interest are 
measured using an appropriate measuring instrument or sensor. We discuss mea- 
surement principles in Section 23.1 of the following chapter. 

2. Inspection for attributes, in which the part or product is inspected to determine 
whether it conforms to the accepted quality standard. The determination is some- 
times based simply on the judgment of the inspector. In other cases, 1 the inspector 
uses a gage to aid in the decision. Inspection by attributes can also involve counting 
the number of defeets in a product. 

E xamples of the two types of inspection are listed in Table 22.1. To relale these differences 
to our discussion of control charts in the previous chapter, inspection for variables uses 
the x chart and R chart, whereas inspection for attributes uses the p chart or c chart. 

The advantage of measuring the part characteristic is that more information is ob- 
tained from the inspection procedure about the ttem's conformance to design specification. 
A quantitative value is obtamed. Data can be collected and recorded over time to observe 
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TABLE 22.1 Examples of Inspection for Variables and Inspection for Attributes 


Examples o f Inspection by Variables 


Measuring the diameter of a cylindreal part 

■Measuring the temperature of a toaster oven to see 
if it is within the range specified by design 
engineering 

Measuring the electrical resistance of an electronic 
component 

Measuring the specific gravity ofa fluid Chemical 
product 


Examples of inspection by Attributes 


Caging a cylindrical part with a GO/NO-GO gage to 
determine if it is within tolerance 
Determining the fraction defeet rate of a sample of 
production parts 

Counting the number of defeets per automobile as it 
leaves the final assembly plant 
Counting the number of imperfeetions in a 
production run of carpeting 


trends in the process that makes the part. The datacan be used to fine-tune the process so 
that future parts arc produced with dimensions doser lo the nominal design value. In at 
tributes inspection (e.g..when a dimension is simply checked with a gage), al I that isknown 
is whether the part is acceptable and perhaps whether it is too big or too smali. On the 
other hånd. the advantage of inspection for attributes is that it can be done quickly and 
therefore at lowcr cost. Measuring the quality characteristic is a more involved procedure 
and therefore takes more time. 

22.1.2 Inspection Procedure 

A typical inspection procedure performed on an individual item, such as a part, subassembly, 
or final product, consists of the following steps [2]: 

1. Presentation —The item is presenlcd for examination. 

2. Examination— The ilem is examined for nonconforming feature(s). In inspection 
for variables, examination consists of measuring a dimension or other attribute of 
the part or product. In inspection for attributes, this involves gaging one or more di¬ 
mensions or scarching the item for flaws. 

3. Decision— Based on the examination. a decision is made whether the item satisfies 
the delined quality standards. The simplest case involves a binary decision, in which 
the item is deemed either acceptable or un acceptable. In more complicated cases, 
the decision may involve grading the item into one of more than two possible quali¬ 
ty categories. such as grade A, grade B. and unacceptable. 

4. Action —The decision should result in some action, such as accepting or rejecting the 
item, or sorting the item into the most appropriate quality grade. It may also be de- 
sirable to lake action lo correct the manufacturing process to minimize the occur- 
rence of fut ure defeets. 

The inspection procedure is traditionally performed by a human worker (referred to as 
manual inspection). but automated inspection systems are being increasingly used as sen¬ 
sor and computer technologies are developed and refined for the purpose. In some pro¬ 
duction situations only one item is produced (e.g., a one-of-a-kind machine or a prototype), 
and the inspection procedure is applisd only to the one item. In Other situations, such as 
batch production and mass production, the inspection procedure is repeated either on all 
of the items in the production run (100% inspection. sometimes called screening) or on only 
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a sample taken from the population of items (sampling inspection). Manual inspection is 
more likely to be used when only one item or a sample of parts from a langer batch is in- 
spected, whereas automaied systems are more common for 100% inspection in mass pro- 
duction. 

In the ideal inspection procedure, all of the specified dimensions and attributes of 
the part or product would be inspected. However. inspecting every dimension is time con 
suming and expensive. In general, it is unnecessary. As a practical matter, certain dimen¬ 
sions and specifications are more important than otbers in terms of assembly or funetion 
of the product. These important specifications are called key characteristics (KCs).They 
are the specifications that should be rccognized as important in design, identified as KCs 
on the part drawings and in the engineering specifications, paid the most attention in man¬ 
ufacturing. and inspected in quality Control. Examples of KCs include: matching dimen¬ 
sions of assemblcd components, surface roughness on bearing surfaces, straightness and 
concentricity of high speed rotating shafts, and finishes of exterior surfaces of consumer 
products. The inspection procedure should be designed to focus on these KCs. It usually 
turns out that if the processes responsible for the KCs are maintained in statistical control 
(Section2! ,l),then the other dimensions of the part will also be in statistical control. And 
if these less important part features deviate from their nominal values, the consequences. 
if any, are less severe. 

22.1.3 Inspection Accuracy 

Errors somelimes occur in the inspection procedure during the examination and decision 
steps. Items of good quality are incorrectly classified as not conforming to specifications, 
and nonconforming items arc mistakenly classified as conforming. These two kinds of mis¬ 
takes are called Type i and Type II errors. A Type I error occurs when an item of good 
quality is incorrectly classified as being defeetive. Il is a “false alarm." A Type II error is 
when an item of poor quality is erroneously classified as being good. It is a “miss.’’These 
error types are portrayed graphically in Table 22.2. 

Inspection errors do not always neatly follow the above classification. For example, 
in inspection by variables, a common inspection error consists of incorrectly measuring a 
pari dimension. As anolher example, a form of inspection by attributes involves counting 
the number of nonconforming features on a given product, such as the number of defeets 
on a new automobile coming off the final assembly line. An error is made if the inspector 
misses some of the defeets. In both of these examples, an error may result in either a con- 


TABLE 22.2 Type I and Type II Inspection Errors 
Decision Conforming Item Nonconforming Item 


Good decision 

Type II error 

Type 1 error 

'False alarm” 

Good decision 


Reject item 
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forming feature being classified as nonconforming (Type I error) or a nonconforming fea¬ 
ture bcing classified as conforming (Type II error). 

In mar.uai inspection. these errors result from factors such as: (1) complexily and 
diffieuity of the inspection lask. (2) inherent variations in the inspection procedure. (3) 
judgment requircd by the human inspector. (4) mental fatigue, and (5) inaccuracies or 
problems with the gages or mcasuring instruments used in the inspection procedure. When 
the procedure is accomplished by an automated system, inspection errors occur due to fac¬ 
tors such as: (1) compiexity and diffieuity of the inspection task, (2) resolution of the in- 
speclion sensor, which is affeeted by gain” and similar control parameter settings. (3) 
equipment malfunctions, and (4) fauhs or "bugs" in the computer program eontrolling the 
inspection piocedure. 

The term inspection accuracy refers to the capability of the inspection process lo 
avoid these types of errors. Inspection accuracy is high when few or no errors are made. 
Measurcs of inspection accuracy are suggested by Drury [2] for the case in which parts are 
classified by an inspector (or automatic inspection system) into either of two categories,con- 
forming or nonconforming. Considering this binary case. let p, = proportion of times (or 
probability) .hat a conforming item is classified as conforming,and let p : - proportion of 
times (or probability) that a nonconforming item is classified as nonconforming. In other 
words. both of these proportions (or probabilities) correspond to correct decisions. Thus. 
(l -/>,)- probability thai a conforming item is classitied as nonconforming fiype 1 
error), and (I - p 2 ) = probability that a nonconforming item is classified as conforming 
(Type II error). 

If we let <7 = actual fraction defeet rate in the batch of items, u table of possiblc out- 
comes can be construcled as in Table 22.3 to show the fraction of parts correctly and incor- 
rectly classified and for those incorreetly dassified, whether the errør is Type I or Type II. 

These proportions (probabilities) wouid have to be assessed empirically for individ- 
ual inspcctors by determining the proportion of correct decisions made in each of the two 
cases of conforming and nonconforming items in a parts batch of interest. Unfortunately. 
the proportions vary for different inspection tasks The error rates are generally higher 
(Pi. />. values lowcr) for more difficult inspection tasks. Also, different inspectors tend to 
have different P\ and p 2 rates. Typical values of p, range between 0.90 and 0.99, and typi- 
cal p ; values range between 0.80 and 0.90. but values as low as 0.50 for both p, and p 2 have 
been reported |2], For human inspeciors, p, is inclined to be higher than p : becausc in¬ 
spectors are usualJy examining items that arc mostly good quality and tend to be on the 
lookout for defeets. 


TABLE 22.3 Table of Possibte Outcomes in Inspection Procedure, Given q, p, r and pj 




True State o f Item 

Decision 

Conforming 

Noncor/orming Total 

Accept item 

P-( 1 q) 

(1 -ft)q p, + q(l - p, - P2) 

Type II error 

Reject item 

(1 -p,Xl - q) 
Type 1 error 

ftd 1 ' Pi - 9(1 ■ Pi - Pr) 

Total 

(1-9) 

o 1.0 
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Values of pi and p 2 are workable measures of inspection accuracy for a human in- 
spector or an automated inspection system. Each measure taken separately provides use- 
ful information because the p, and P2 values would be expected to vary independently to 
some degree dependmg on the inspection task and the person or system performing the in¬ 
spection. Nonetheless, the two values can be combined into a single measure of inspection 
accuracy hy laking a simple average: 


A = 


P: + Pi 

2 


( 22 . 1 ) 


where A = measure of inspection accuracy that ranges between zero (all inspection deci¬ 
sions incorrect) and 1.0 (all decisions correct = perfect accuracy); pi = probability that a 
conforming item is classified as conforming; and p 2 = probability that a defective item is 
classified as defective, as previously defined. A practical difficulty in applying the measure 
is determining the true values of p, and p 2 . These values would have to be determined by 
an alternative inspection process, which would itself be prone to similar errors as the first 
process whose accuracy is being assessed. 


EXAMPLE 22.1 Inspection Accuracy 

A human worker has inspected a batch of 100 parts, reporting a total of 12 de- 
fects in the batch. On careful reexamination, it was found that four of these re¬ 
ported defects were in faet good pieces (four false alarms), whereas a total of 
six defective units in the batch were undetected by the inspector (six misses). 
What is the inspector’s accuracy in this instance? Specifically, what are the val¬ 
ues of (a) pi, (b) p 2 , and (c) Al 

Solution; Of the 12 reported defects, four are good, leaving eight defects among those re¬ 
ported. In addition, six other defects were found among the reportedly good 
units. Thus, the total number of defects in the batch of 100 is 8 + 6 = 14. This 
means there were 100 - 14 = 86 good units in the batch. We can assess the val¬ 
ues of pi , P2, and A on the basis of these numbers. 

(a) To assess p,, we note that the inspector reported 12 defects, leaving 88 that 
were reported as acceptable. Of these 88, six were actually defects, thus leaving 
88 - 6 = 82 actual good units reported by the inspector.Thus, the proportion 
cf good parts reported as conforming is: 



(b) There are 14 defects in the batch, of which the inspector correctly identified 
eight. Thus, the proportion of defects reported as nonconfoiming is: 

K" 5-O-™ 

(c) The overall inspection accuracy is given by Eq. (22.1): 

0.9535 + 05714 


= 0.7625 
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22.1.4 Inspection vs. Testing 

Quality control utilizes both inspection and testing procedures to detect whether a part or 
product is wilhin design sperifications. Both activities are important in a company’s qual¬ 
ity control program. Whereas inspection is used to assess the quality of the product rela¬ 
tive to design specifications testing is a term in quality control that refers to assess ment of 
the functional aspccts of the product . Does the product operate the way it is supposed to 
operate? Wil! it continue to operate for a reasonable period of time? Will it operate in en- 
vironinents of extreme temperature and humidity? Accordingly, QC testing is a procedure 
in which the item being tested (product. subassembly, part. or materia!) is observed during 
actual operation or under conditions that might be present during operation. For example, 
a product might be tested by running it for a certain period of time to determine whether 
it funetions properly. If the product successfully passes the test, it is approved for shipment 
to the customer. As another example. a part, or the material out of which the part is to be 
made, might be tested by subjecting it to a stress load that is equivalent to or greater than 
the load anticipated during normal service. 

Sometimes the testing procedure is damaging or destructive to the item. To ensure that 
the majority of the items (e.g., raw materials or finished products) are of satisfactory qual¬ 
ity, a limited number of the items are sacrificed. However, the expense of destructive test¬ 
ing is signiticant enough that great effons are made to devise methods that do not result 
in the destruction of the item. These methods are referred to as nondestructive testing 
(NDT) and nondestructive tvaluation (NDE). 

Another type of testing procedure involves not only the testing of the product to see 
that it funetions properly; it atso requires an adjustment or calibration of the product that 
depends on the outeome of the test. During the testing procedure, one or more operating 
variables of the product are measured, and adjustments are made in certain inputs that in- 
fluence the performance of the operating variables. For example, in the testing of certain 
appliances with heating elements, if the measured temperature is too high or too low after 
a specified time, adjustments can be made in the control circuitry (e.g., changes in poten¬ 
tiometer settings) to bring the temperature within the acceptable operating range. 

22.2 SAMPLING VS. 100% INSPECTION 

Our primary interest in this chapter is on inspection rather than testing. As suggesfed by 
the preceding descriptions of the two funetions, inspection is more dosely associated with 
manufacturing operations. Inspection can be performed using statistical sampling or 100%. 

22.2.1 Sampling Inspection 

Inspection is traditionally accomplished using manual labor. The work is often boring and 
monotonous, yet the need for precision and accuracy is great. Hours are sometimes re- 
quired to measure the important dimensions of only one workpart. Because of the time and 
expense involved in inspection work, sampling procedures are often used to reduce the 
need to inspect every part. The statistical sampling procedures are known by the terms 
acceptance sampling or lot sampling. 

Types of Sampling Plans. There are two basic types of acceptance sampling: (1) 
attributes sampling and (2) variables sampling, corresponding to inspection by attributes 
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and inspection by variables previously described (Seclion 22.1.1). In a variables sampling 
plan, a random sample is taken from the population, and the qualitv characteristie of in- 
terest (e.g.. a part dimension) is measured for each unit in the sample. These measuremenls 
are then averaged. and the mean value is compared with an allowed value for the plan. 
'I'he batch is then accepted or rejected depending on the results of this comparison.The al¬ 
lowed value used in the comparison is chosen so that the probability that the batch will be 
rejected is small unless the actual quality level in the population is indeed poor. 

In an attributes sampling plan. a random sample is drawn from the batch, and the 
units in the sample are classified as acceptable or detecti ve, depending on the quality cri- 
terion being used. The batch is acccptcd if the number of defeets does not exceed a certain 
value, catled the acceptance number. On the other hånd. if the number of defeets found in 
the sample is greater than the acceptance number, the batch is rejected. As in variables 
sampling, the value of the acceptance number is selected so that the probability that the 
batch will be rejected is small unless the overall quality of the parts in the batch is poor. 

In sampling, there is always a probability that the batch will be rejected even if the 
overall quality is acceptable. Similarly, there is a probability that the batch will be accept¬ 
ed even if the overall quality levd in the batch is not acceptable. Statistical errors are a 
faet of lifc in statistical sampling. Let us cxplore what is meant by the word “acceptable 1 ’ 
in the context of acceptance sampling and at the same time examine the risks associated 
with committing a statistical error. Our focus will be on attributes sampling, but the same 
basic notions apply to variables sampling. Ideally, a batch of parts would be absolutely free 
of defeets. Howcver. such perfeetion is difficult if not impossible to attain in practice. Ac- 
cordingly, a certain level of quality is agreed on between the customer and the supplier as 
being acceptable, even though that quality is less than perfeet. This is called the acceptable 
quality level (AQL), which is defined in terms of proportion of defeets, or fraction defeet 
rate q c . Al tem at ively, there is another level of quality, again defined in terms of fraction de¬ 
feet rate q x , where q x > q,„ which is agreed on by customer and supplier as being unac- 
ceptable.This q, level is called the lot tolerance percent defeciive (LTPD). 

Statistical Errors in Sampling. There are two possible statistical errors that car 
occur in acceptance sampling.The first is rejecting a batch of product that is equal to or bet 
ter than the AQL (meaning that the actual q s gJ.This is a Type l error, and the proba¬ 
bility of committing this type of error is called the producer's risk a. The seeond error thai 
can occur is accepting a batch of product whose quality is worse than the LTPD (q 2: <?,). 
This is a Type II error, and the probability of this error is called the consumer’s risk ji. 
These errors are depicted in Table 22.4. Sampling errors are not to be confused with the 


TABLE 22.4 Type I and Type II Sampling Errors 


Decision 

Acceptable Batch 

Unacceptable Batch 

Accept batch 

Good decision 

Type II error 



Consumer's risk (/J) 

Reject batch 

Type 1 error 

Good decision 


Producer's risk (o) 
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inspection errors previously describcd in our discussion of inspection accuracy (Section 
22.1.3). Sampling errors occur bccause only a fraction of lhe total population has bcen in- 
spccted. Wc are al lhe mercy of the laws of probability as to whether the sample is an ac- 
curatc rcflcction oi the population. Inspection errors. on the other hånd, occur when an 
individual item is wrongly classificd as being defeetive when it is good (Type I error) or good 
when il is defeetive (Type II eiiui). 

Design of an acceplance sampling plan involves determining values of the sample 
size Q, and lhe acceptance number N a that provide the agreed-on AQL and LTPD, to- 
gether with the assoeiated probabilities o and fi (producer's and consumer’s risks). Proce¬ 
dures for determining Q, and A'„ based on AQL, LTPD, a. and /3 are described in texts on 
quality control, such as [3], and [4]. Also. standard sampling plans have been developed,such 
as MIL-STD-105D (also known as ANSI./ASQC Z1.4, the U.S. standard, and ISO/I51S- 
2859. lhe inlenialional standard). 

Operating Characteristic Curve. Much information about a sampling plan can be 
obtained Irom its operating characteristic curve (OC curve). The operating characteristic 
curve for a given sampling plan gives the probability of accepting a batch as a funetion of 
the possible fraction defeet rates that might exist in the batch. The general shape of the OC 
curve is shown in Figure 22.1. In effeel. the OC curve indicates the degree of protection pro- 
vided by the sampling plan for various quality levels of incoming lots. If the incoming batch 
has a high quality level (low q), then the probability of acceptance is high. If the quality level 
of the incoming batch is poor (high q), then the probability of acceptance is low. 



Ftgure 22.1 The operating characteristic (OC) curve for a given 
sampling plan shows the probability of accepting the lot for differ- 
ent fraction defeet rates of incoming batches. 
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When a batch is rejected as a result of a sampling procedure, seve ral possible actions 
might be taken. One possibility is to send the paris back lo Ihe supplier. If there is an im- 
mediate need for the parts in production, (his action mav be impractical. A more appropriate 
action may be to inspect the batch 100% and sort out the defects, which are sent back to 
the supplier for replacement or credit. A third possible action is to sort out the defects and 
rework or replace them at the supplier’s expense. Whatever the action, rejecting a batch 
leads to corrective action that has the effeet of improving the overall quality of the batch 
exiting the inspection operation. A given sampling plan can be described by its average 
outgoing quality curve (AOQ curve), the tjpical shape of which is illustrated in Figure 
22.2. The AOQ curve shows the average quality of batches passing through the sampling 
inspection plan as a funetion of incoming lot quality (before inspection). As one would ex- 
pect, when the incoming quality is good (low q ), the average outgoing quality is good (iow 
AOQ). When the incoming quality is poor (high q), the AOQ is also low because there is 
a strong probability of rejecting the batch, with the resulting action that defeetives in the 
batch are sorted out and replaced with good parts. It is in the intemiediate range, between 
the AQL and LTPD. that the outgoing batch quality of the sampling plan is the poorest. As 
shown in our plot, the highest AOQ level will be found at some intermediate value of q, 
and this AOQ is called the average outgoing quality limit (AOQL) of the plan. 

22.2.2 100% Manual Inspection 

In sampling inspection, the sample size is often small compared with the size of the popu- 
lation.The sample size may represent only 1% or fewer of the number of parts in the batch. 
Because only a portion of the items in the population is inspected in a statistical sampling 
procedure, there is a risk that some defeetive parts will slip through the inspection screen. 
As indicated in our preceding diseussion of average outgoing quality. one of the objectives 
in statistical sampling is to define the expected risk, that is, to determine the average frac- 
tion defeet rate that will pass through the sampling inspection procedure over the long 
run, under the assumption thal the manufacturing process remains in statistical Control. 



Figure 22.2 Average outgoing quality (AOQ) curve for a sampling 
plan. 
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Figure 22.3 Operating characteristic 
curve of a 100% inspection plan. 


The frequency with which samples are taken, the sample size. and the permissible quality 
level (AQL) are three important factors that affect the level of risk involved. But the faet 
remains that something less than 100% good quality must be tolerated as a price to be paid 
for usingstatistical sampling procedures. 

In principle, the only way to achieve 100% acceptable quality is to use 100% inspec¬ 
tion. It is instructive to compare the OC curve of a 100% inspection plan, shown in Figure 
22.3, with the OC curve of a sampling plan as in Figure 22.1. The advantage of 100% in¬ 
spection is that the probability the batch will be acccpted is 1.0 if its quality is equal to or 
better than the AQL and zero if the quality is lower than the AQL. One might logically 
argue that the term “acceptable quality level" has less meaning in 100% inspection. since 
a target of zero defeets should be attainable if every part in the batch is inspected; in other 
words, the AQL should be set at q = 0. However. one ntust distinguish between the out¬ 
put of the manufacturing process that makes the parts and the output of the inspection 
procedure that sorts the parts. It may be possible to separate out all of the defeets in thp 
batch so that only good parts remain after inspection (AOQ — zero defeets), whereas the 
manufacturing process still produces defeets at a certain fraction defeet rate q (q > 0). 

Theore tica liv, 100% inspection allows only good quality parts to pass through the in¬ 
spection procedure. However, when 100% inspection is done manually, two problems arise; 
First, Ihe obvious problem is the expense involved. Instead of dividing the time of inspecting 
the sample over the number of parts in the production run, the inspection time per piece 
is applied to every part. The inspection cost sometimes exceeds the cost of making the 
part. Second, with 100% manual inspection, there is the problem of inspection accuracy 
(Section 22.1.3). There are almost always errors associated with 100% inspection (Type 1 
and H errurs),especially when the inspection procedure is performed by human inspeclors 
-Because of these human errors, 100% inspection using manual methods is no guarantee of 
100% good quality product. 
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22.3 AUTOMATED INSPECTION 

An alternative to manual inspection is automated inspection. Automation of the inspection 
procedure will almost always reducc inspection time per picce. and automated machines 
are not given to the fatigue and mental errors suffered by human inspectors. Eeonomic 
justificotion of an automated inspection system depends on whether the savings in labor 
cost and improvement in accuracy will more than offset the investment and/or develop- 
ment røsts ot Ihe system. 

Automated inspection can bc defuied as the automation of on c* or more of the steps 
involved in the inspection procedure Thore are a numberof alternative ways in which au- 
tomated or scniiaulomated inspection can be implcmented: 

1. Autnmatcd presentation of parts by an automatic handling system with a human op¬ 
erator still pertorming the examination and decision steps. 

2. Automated examination and decision by an automatic inspection machinc. with man¬ 
ual loading {presentation | of parts inlo the machine. 

3. Complctcly automated inspection system in which parts presentation, examination. 
and decision are all performed automatically. 

In the first case. the inspection procedure is performed by a human worker. with all of the 
possible errors in this form of inspection. In cases (2) and (3). the actual inspection op¬ 
eration is aceomplished by an automated system. These latter cases are our primary in- 
terest here. 

As in manual inspection. automated inspection can be performed using statistical 
sampling or 100%. When statistical sampling is used. sgmpling errors are possible. 

With cither sampling or 100% inspection. automated systemscan commit inspection 
errors, just as human inspectors can make such errors. For simple inspection tasks. such as 
automatic gaging of a single dimension on a part. automated systems operate with high 
accuracy (low error rate). As the inspection operation becomes more complex and difficult. 
the error rate tends to increasc. Somc machinc vision applications (Scction 23.5) fail into 
this category; for example, detccting defeets in integrated Circuit chips or printed circuit 
boards It should be mentioned that these inspection tasks are also complex and difficult 
for human workers. and this is one of the reasons for developing automated inspection 
systems that can do the job. 

As before, inspection errors can be classified as Type I or Type II. A Type I error oc- 
curs when the automated system indicatcs a defeet when no defeet is really present, and a 
Type II error occurs when the system misses a real dsfeet. Some automated inspection sys¬ 
tems can be adjusted in terms of iheir sensitiyity for detecting the defeet they are designed 
to find.This is aceomplished by means of a “gain" adjustment or similar control. When the 
sensitivity adjustment is low, the prohability of a Type I error is low but the probability of 
a Type II error is high. When the sensitivity adjustment is inereased, ihe probability of a Type 
! error inereases. whereas the probability of a Type II error decreases. This relationship is 
portrayed in Figure 22.4. Because of these errors, 100% automated inspection cannot guar- 
antee 100% good quality pnxluct. 

The full potential of automated inspection is hest achieved when it is integrated into 
the manufacturing process, when 100% iuspeciion is used, and when the results of the pro¬ 
cedure lead to some positive aetion.The positive actions can take either or both of Iwo pos¬ 
sible forms, as illustraled in Figure 22.5: 
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Scnsitiviiy adjustment 

Figure 22.4 Relationship bctween sensitivily of an automated in¬ 
spection system and the prohahitily of Type I and Type II errors: 
Pi = the probability that a conforming item is correctly classificd. 
and p 2 = the probability that a nonconforming item is correctly 
classified. 



Figure 22.S Action steps resulting from automated inspection: 
(a) feedback process control and (b) sortation of parts into two or 
more quality levels. 


(a) Feedback process control. In this case, data are fed back to the preceding manufac¬ 
turing process responsible for the quality characteristics being evaluated or gaged in 
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the inspection operation.The purpose of feedback is to allow compensating adjust- 
ments to be made in the process to reduoe vanability and improve quality. If the mea- 
surements from the automated inspection indicate that the output of the process is 
beginning to drift toward the high side of the tolerance (e.g., tool wear might cause 
a part dimension to inerease over time),corrections can be made in the input para¬ 
meters to bring the output back to the nominal valuc. In this way, average quality is 
maintained within a smaller variabiiity range than is possible with sampling inspec¬ 
tion methods. In effeet, process capability is improved. 

(b) Paris sortation.ln this case,the parts are sorted according to quality level: acceptable 
versus unacceptable quality. There may be more than two le vels of quality appropri- 
ate for the process (e.g., acceptable, reworkable, and scrap). Sortation and inspection 
may be accomplished in several ways. One allernative is to both inspect and sort at 
the same station. Other installations locate one or more inspections along the pro¬ 
cessing line, with a single sortation station near the end of the line. Inspection data 
are analyzed and instructions are forwarded to the sortation station indicating what 
action is required for each part. 


22.4 WHEN A ND WHERE TO INSPECT 

Inspection can be performed at any of several places in production: (1) receiving inspec¬ 
tion, when raw materials and parts are received from suppliers, (2) at various stages of 
manufacture, and (3) before shipment to the customer. In this section our principal focus 
is on case (2), that is. when and where to inspect during production. 

22.4.1 Off-Llne and On-Line Inspection 

The timing of the inspection procedure in relation to the manufacturing process is an im- 
portant consideration in quality control.Three alternative situations can be distinguished, 
shown in Figure 22.6: (a) off-line inspection, (b) on-line/in-process inspection, and (c) On¬ 
line/post-process inspection. 

Off-Line Inspection. Off-line inspection is performed away from the manufac¬ 
turing process, and there is generally a time delay between processing and inspection. Off¬ 
line inspection is often accomplished using statistical sampling methods. Manual inspection 
is common. Factors that tend to promote the use of off line inspection include: (1) vari¬ 
abiiity of the process is well within design tolerance, (2) processing conditions are stable 
and the risk of significant deviations in the process is small, and (3) cost of inspection is 
high relative to the cost of a few defeetive parts.The disadvantage of off-line inspection is 
that the parts have already been made by the time poor quality is detected. When sam¬ 
pling is used, an additional disadvantage is that defeetive parts can pass through the sam¬ 
pling procedure. 

On-Line Inspection. The alternative to off-line inspection is on-line inspection, in 
which the procedure is performed when the parts are made, either as an integral step in the 
processing or assembly operation, or immediately afterward. Two on-line inspection pro¬ 
cedures can be distinguished: on-line/in-process and on-line/post-process, illustrated in 
Figure 22.6(b) and (c). 
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Figure 22.6 Three inspection alternatives: (a) off-line inspection, 
(b) on-line/in-process inspection, and (c) on-hne/'post-process 
inspection. 


On-line/in-process inspection is achieved by performing the inspection procedure 
during the manufacturing operation. As the parts are being made, the inspection proce¬ 
dure is measuring or gaging the parts simultaneously. The benefit of in-process inspection 
is that it may be possible to influence the operation ihat is making the current part, there- 
by correcting a potential quality problem before the part is completed. When on-line/in- 
process inspection is performed manually. it means that the worker who is perfonning the 
manufacturing process is ako performing the inspection procedure. For automated man¬ 
ufacturing systems, this on-line inspection method is typically done on a 100% basis using 
automated sensor methods. Technologically, automated on-line/in-process inspection of 
the product is usually difficult and expensive to implement. As an alternative, on-line/ 
post-process procedures are often used. 

With on-line/post-process inspection, the measurement or gaging procedure is ac- 
complished immediately following the production process. Even though it follows the 
process, it is still considered an on-line method because it is integrated with the manufac¬ 
turing workstation, and the results of the inspection can immediately influence the pro- 
duction operation. The limitation of on-line/post-process inspection is that the part has 
already been made, and it is therefore impossible to make corrections that will influence 
its processing. The best that can be done is to influence the production of the next part. 
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On-line/post-process inspection can be performed as either a manual or an auto¬ 
mated procedure. When accomplished manually, it can be accomplishetj using either sam¬ 
pling or 100% inspection (with all of the risks associated with 100% manual inspection). 
Gaging of part dimensions at the production machinc with go/no-go gages is a common 
example of on-line/post-process inspection. When on-line/post-process inspection is au¬ 
tomated, il is typically performed on a 100% basis. Whether manual or automated, statis- 
tical process control techniques (Chapter 21) are useful for analyzing the data generated 
by the inspection procedure. 

Either form of on-line inspection should drive some action in the manufacturing op¬ 
eration, either feedback process control or parts sortation. If on-line inspection results in 
no action, then off-line inspection might as well be utilized instead of on-linc technologies. 

22.4.2 Product Inspection vs. Process Monitoring 

In the preceding discussion of inspection issues, we have implicitly assumed that it was the 
product itself that was being mcasured or gaged, either during or after the manufacturing 
process. An alternative approach is to measure the process rather than the product, that is, 
to monitor the key parameters of the manufacturing process that determine product qual- 
ity. The advantage of this approach is thai au on-linc/in-process measuremem system is 
mueh more likely to be practicable for process variables than for product variables. Such 
a measurement procedure could be readily incorporated into an on-line feedback control 
system, permitting any required correclive action to be taken while the product is still being 
processed and theoretically preventing defeetive units from being made. If entirely reli- 
able, this arrangement would avoid,or at least reduce, subsequent off-line inspection of 
the actual product, 

Use of process monitoring as an alternative to product inspection relies on the as- 
sumption of deterministic manufacturing. This means that a fairly exaet cause-and-effect 
relationship exists between the process parameters that can be measured, and the quality 
characteristics that must be maintained within tolerance. Accordingly, by controlling the 
process parameters, indirect control of product quality is achieved. The assumption of de¬ 
terministic manufacturing is most applicable under the following circumstances: (1) the 
process is well behaved. meaning that it is ordinarily in Matistical control and that devia¬ 
tions from this normal condition are rare; (2) process capability is good, meaning that the 
standard deviation of each process variable of interest under normal operating conditions 
is small; and (3) the process has been studied to establish the cause-and-effect relationships 
between process variables and product quality characteristics and that mathematica! mod¬ 
els of these relationships have been derived. 

Although the approach of controlling product quality indireetly through the use of 
process monitoring is uncontmon in piece parts production.it is quite prevalent in the con- 
tinuous process Industries such as Chemicals and petroleum. In these continuous process¬ 
es, it is usually difficult to directly measure the product quality characteristics of interest, 
except by periodic sampling. To maintain unintemipted control over product quality, the 
related process parameters are monitored and regulated continuously. Typical production 
variables in the process Industries include temperature, pressure, flow rates, and similar va¬ 
riables that caneasily be measured (chemical engineers might dispute how easily these vari¬ 
ables can be measured) and can readily be combined into mathematical equations to predict 
product parameters of interest. Variables in discrete product manufacturing are generally 
more difficult to measure, and mathematical models that relate them to product quality are 
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not as easy to derive. Examptes of ptocess variables in the parts production industries in- 
cludc [I J: tcol wear. deflcction of production machinery components, part deflection dur¬ 
ing processing, vibration frequencies and amplitudes of machinery, and temperature profiles 
of production machinery and piecc parts, during processing. 

22.4.3 Distributed Inspection vs. Final Inspection 

When inspection stations are located along the line of work flow in a factory, this is re- 
ferred to as distributed inspection. In its most extreme form, inspection and sortalion op¬ 
erations are located after every processing step. However, a more common and 
cost-effeetive approach is for inspections to be strategically placed at critical points in the 
manufacturing sequcncc.with several manufacturing operations between each inspection. 
The funetion of a distributed inspection system is to identify defeetive parts or products 
soon after they have been made so that the defeets can be exeluded from further process¬ 
ing. The goal of this inspection strå le gy is to prevent unnecessary cost from being added 
to defeetive units.This is especially relevant in asserabled products where many components 
are enmbined into a single entity thai cannot easily be taken apart. If one defeetive com- 
ponent would render the assembly defeetive, then ,t is obviously better to catch the defeet 
before il is assembled These situations are found in electronics manufacturing operations. 
Printed Circuit board (PCB) assembly is a good example. An assembled PCB may consist 
of 100 or more clectronic components that have been soldered to the base board. If only 
one of the components is defeetive, the entire board may be usele« unless repaired at sub- 
stantial additional cost. In these kinds of cases, it is important to discover and remove the 
defeets from the production line before further processing or assembly is accomplished. 
100% on-line automated inspection is most appropriate in these situations. 

Another approach, sometimes considered an alternative to distributed inspection, is 
final inspection. which involves one comprehensive inspection procedure on the product 
immediately before shipnient to the customer.The motivation behind this approach is thal 
it is more efficicnt, from an inspection viewpoint, to perform all of the inspection tasks in 
one step. rather than distribute them throughout the plant. Final inspection is more ap- 
pealing to the customer because, in principle, if done effeetively, it offers the greatest pro- 
tection against poor quality. 

However, exelusive implementation of the final inspection approach (without some 
intermediate inspection of the product as it is being made) is potentially very expensive to 
the producer for two reasons: (1) the wasted cost of defeetive units made in early pro¬ 
cessing steps being processed in subsequent operations and (2) the cost of final inspection 
itself. The first issue. cost of processing defeetive units, has been discussed. The second 
issue. inspection cost, will benefit from elaboration. Final inspection, when performed on 
a 100% basis, can be very costly since every unit of product is subjecled to an inspection pro- 
cedurc that must be designed to detect all possible defeets. The procedure often requires 
funetional testing as well as inspection. If performed manually on a 100% basis, as at least 
a portion of ihe inspection and testing procedure is likely to be done, it is subject to the risks 
of 100% manual inspection (Section 22.2.2). Because of these costs and risks, the produc¬ 
er often resorts to sampling inspection. with the associated statistical risks of defeetive 
product slipping around the sample to the customer (Section 22.2.1).Thus, final product in¬ 
spection is polcntially costly or potcntially ineffeetive or both. 

Quality conscious manufacturers combine the two strategies. Distributed inspection 
is used for- operations in the plant with high defeet rates to prevent processing of bad parts 
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in iater operations and to ensure that only good components are assembled in the prod- 
uct; and some form of final inspection is used on the finished units to ensure that only the 
highest quality product is delivered to the customer. 


22 S QUANTITATIVE ANALYSIS OF INSPECTION 


Matheraatical models can be developed to analyze certain performance aspects of pro¬ 
duction and inspection. In this section, we examine three areas: (1) effect of defect rate on 
production quantities in a series of production operations, (2) final inspection versus dis- 
tributed inspection, and (3) when to inspect and when not to inspect. 

22.5.1 Effect of Defect Rate in Serial Production 


Let us define the basic element in the analysis as the unit operation for a manufacturing 
process.illustrated in Figure 22.7. In the figure.the process is depicted by a node, the input 
to which is a starting quantity of raw material. Let Q a = the starting quantity or batch size 
to be processed. The process has a certain fraction defect rate q (stated another way, 
q - probability of producing a defeetive piece each cycle of operation), so the quantity of 
good pieces produced is diminished in size as follows: 

Q = Qo(l - <?) ( 22 . 2 ) 

where Q = quantity of good products made in the process, Q„ = original or starting quan¬ 
tity, and q = fraction defeel rate. The number of defeets is given by: 

D = Q a q (22.3) 

where D = number of defeets made in the process. 

Most manufactured parts require more than one processing operation. The operations 
are performed in sequence on the parts, as depicted in Figure 22.8. Each process has a frac- 
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Defeets 


Figure 22.7 The unit operation for a 
manufacturing process, represented as an 
input-output model in which the process 
has a certain fraction defect rate. 



Figure 218 A sequence of n unit operations used to produce a part. 
Each process has a certain fraction defeel rate. 
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tion defeet rate q,. so tbe final quantity of defect-free parts made by a sequence of n unit 
operations is given by: 


Qf - a.no - ?.) 


(22.4) 


where Q, = final quantity of defect-free units produced by the sequence ot n processing op- 
erations. and Q„ is the starting quantity. If all q, are equal, which is unlikely but nevertheless 
convenient for conceptualizalion and computation.tben the preceding equation becomes: 

Qr ~ Qo( 1 - <?)" (22.5) 

where q = fraction defeet rate for all n processing operations. The total number of defeets 
produced by the sequence is most easily computed as: 


D f = Qo~Q f 


( 22 . 6 ) 


where D f = total number of defeets produced 

EXAMPLE 22.2 Compounding Effect of Defeet Rate in a Sequence of Operations 

A batch of 1000 raw work units is processed through ten operations, each of 
which has a fraction defeet rate of 0.05. How many defect-free units and how 
many defeets are in the final batch? 

Solution: Eq. (22.5) can be used to determine the quantity of defect-free units in the 
final batch. 

Q, = 1000(1 - .05) 10 = 1000(0.95) 10 = 1000 (0.59874) = 599 good units 
The number of defeets is given by Eq. (22.6): 

D f = 1000 - 599 = 401 defeetive units. 


The binomial expansion can be used to determine the allocation of defeets associated with 
each processing operation i. Given that q, = probability of a defeet being produced in op¬ 
eration i, let pi = probability of a good unit being produced in the sequence; ihus, 
p, + q, = 1. Expanding this for n operations, we have 


+ 1.1-1 (22.7) 

To iilustrate, consider the case of two operations in sequence (n = 2). The binomial ex¬ 
pansion yields the following expression: 

( Pi + <h){Pi + <h j = Pi Pi + Pi <h ~ Pi <?i + <7i qi 

where p!/>2 = proportion of defect-free parts, p, q 7 = proportion ofparts that haveno de¬ 
feets from operation 1 but adefeet from operation 2, p 2 <?, - proportion ofparts that have 
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no defects from operation 2 but a defect from operation 1, and q, q^ - proportion of parts 
that have both types of defect. 

22.5.2 Final Inspection vs. Distributed Inspection 

The preceding model portrays a sequence of operations, each with its own fraction defect 
rate, whose output forms a distribution of paris possessing either (1) no defects or (2) one 
or more defects, depending on how the defect rates from the different unit operations com- 
bine. The model makes no provision for separating the good units from the defects; thus, 
the final output is a mixture of the two categories.This is a problem. To deal with the prob¬ 
lem. let us expand our model to include inspection operations, either one final inspection 
at the end of the sequence or distributed inspection, in which each production step is fol- 
lowed by an inspection. 

Final Inspection. In the first case, one final inspection and sortation operation is 
located at the end of the production sequence, as represented by the square in Figure 22.9. 
In this case. the output of the process is 100% inspected to identify and separate defeetive 
units. The inspection screen is assumed to be 100% accurate, meaning that there are no 
Type I or Type II inspection errors. 

The probabilitics in tilis new arrangement are pretty mueh the same as before. De¬ 
fects are still produced.The difference is that the defeetive units D f have been complete- 
ly and accurately isolated from the good units Qf by the final inspection procedure. 
Obviously. there is a cost associated with the inspection and sortation operation that is 
added to the regular cost of processing. The costs of processing and then sorting a batch 
of Q„ parts as indicated in Figure 22.9 can be expressed as follows: 

c, - & ic,, + a.c„ - e,( 2 jc„ + c,,) (22,8) 

where C b = cost of processing and sorting the batch, Q 0 = number of parts in the starting 
batch, C pn = cost of processing a part at operation i, and C, f = cost of the final inspection 
and sortation per part. The processing cost Cp, is applicable to every unit for each of the n 
operations; lience the sumtnation from 1 to /i.Thc final inspection is done onue for each 
unit. Wc have neglected consideration of material cost. For the special case in which every 
processing cost is cqual (Cp,, = Cp, for all i), we have 



Figure 22.9 A sequence of n unit operations with one final inspec¬ 
tion and sortation operation to separate the defects. 
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Figure 22.10 Distributed inspection. consisting of a scqucnce of unit 
operations with an inspection and sortation after each operation. 


C. = Q„{nC p , + C, f ) (22.9) 

Note that the fraction defcct rate does not figure into total cost in either of these equations. 
since nodefeetive units are sorlcd from the batch until after the final processing operation. 
Therefore. every unit in Q a is proccssed through all operations, whether il is good or de¬ 
feet ive, and every unit is inspccted and sorted. 

Distributed Inspection. Next, let us consider a distributed inspection slralegy. in 
which every operation in the scquenee is followed by an inspection and sortation step. as 
seen in Figure 22.10. In this arrangement, the defeets produced in each processing step are 
sorted from the batch immediately after they are made. so that only good parts are per- 
mitted to advance to the next operation. In this way. no defeetive units are processet! in sub- 
sequent operations, thereby saving the processing cost of those units. Our model of 
distributed inspection must take the defeet rate at each operation into account as follows: 

c. - e„ic„ + c,) * q .(i - t c,,) t aji - ?iK' - <7 jK<v, + c>) + ■ ■ 

+ e..h(' t-CJ <22.101 

wherc t,|.Q.C„. <\„ = eosis of inspection and sortation at cach station, respec- 

tively. In the special case where q, - q. C m , = C r ,. and C„ = C , for all i. the above cqua- 
tion simplifies to: 

Q-e.(l +(!-o) *(< -«) ! r -«)-')(<■„ +C) (22.11) 

EXAMPLE 22.3 Final Inspection vs. Distributed Inspection 

Two inspection alternatives are to be compared for a processing sequeucc con- 
sisting of ten operations: (I) one final inspection and sortation opera (ion lol- 
lowing the tenth prixressing operation and (2) distributed inspection with an 
inspection and sortation operation after each of the ten processing operations. 
The batch size Q„ = 1000 pieces. The cost of each processing operation 
(■'pr = $1 -00-The fraction defeet rate at each operation q = 0.05.The cost of the 
single final inspection and sortation operation in alternative (i) is C„- - $2.50. 
The cost of cach inspection and sortation operation in alternative (2) is 
C, = $0.25. Compare total processing and inspection costs for the two cases. 
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Solution: For the final inspection alternative, we can use Eq. (22.9) to determine the 
batcfi cost: 

C b = 1000(10 x 1.00 + 2.50) = 1000(12.50) = $12,500 
For the distributed inspection alternativere can use Eq. (22.11) to solve for the 
batch cost: 

C h = 1000(1 + (.95) + (.95) 2 + . .+(.95)’)(1.00 + 0.25) 

= 1000(8.0252)(1.25) = $10,032 


We scc that the cost of distributed inspection is less for the cost data given in Exam- 
ple 22.3. A savings of $2468 or ncarly 20% is achieved by using distributed inspection. The 
reader mighc question why the cost of one final inspection ($2.50) is so much more than the 
cost of an inspection in distributed inspection ($0.25). We offer both a logical answer and 
a practical answer to the question. The logical answer goes like this: Each processing step 
produces itsown unique defect feature (at fraction defect rate q), and the inspection pro¬ 
cedure must be designed to inspect for that feature. For ten processing operations with ten 
diffcrent defect features, the cost to inspect for these features is the same whether the in¬ 
spection is accomplished afler each processing step or all at once after the final processing 
step. If the cost of inspecting for each defect feature is $0.25, it follows that the cost of in- 
specling forail ten defect features is simply 10($0.25) = $2.50. In general, this relation- 
ship can be expressed: 


C« = ic„ (22.12) 

For the special case wherc all C„ are equal (C, - C, for all i),as in Example 223, 

C„ i n C, (22.13) 

Given this multiplicative relationship heiween the single final inspection cost and the unit 
inspection cost in distributed inspection. it is readily seen that the total cost advantage of 
distributed inspection in our example problem derives entirely from the faet that the num- 
ber of parts that are processed and inspected is reduced after each processing step due to 
the sortation of defeetive parts from the batch during production rather than afterward. 

Notwithslanding the logic of Eqs. (22.12) and (22.13), we are sure that in practice 
there is some economy in performing one inspection procedure at a single location, even 
if the procedure includes serutini/ing the product for ten different defect features. Thus, the 
actual final inspection cost per unit C, f is likely to be less than the sum of the unit costs in 
distributed inspection. Nevertheless, the faet remains that distributed inspection and sor¬ 
tation reduces the number of units processed, thus avoiding the waste of valuable produc¬ 
tion resources on the processing of defeetive units. 

Partially Distributed Inspection. A distributed inspection strategy can be fol- 
lowed in which inspections are lucaled between groups of processes rather than after every 
processing step as in Example 22.3. if there is any economy in performing multiple in¬ 
spections at a single location, as argued in the preceding paragraph, then this might be a 
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worthwhilc wav lo cxpioit this economy while preserving al least some ol thc advanlages 
of distributcd inspcction. Let us use Example 22.4 to illustrate the grouping of unit oper¬ 
ations for inspeetion purposes. As expected.the total batch cost lies belween the twocases 
of fully distributcd inspeetion and final inspcction for the data in our example. 

EXAMPt.fr: 22.4 Partially Distributcd Inspcction 

For eomparison. let us lise the same sequence of ten processing operations as 
beforc. wherc thc fraction defeet rate of each operation is q = 0.05. Instead of 
inspecting and sorttng alter every operation, the len operations will bc divided 
into groups of five. with inspcctions after operations 5 and 10. Following the 
logic of Eq. (22.13). the cost of each inspcction will be five times the cost of in¬ 
specting for one defeet feature; that is. = C,,# = 5($0.25) = $1.25 per unit 
inspected. Processing cosi per unit for each process remains the same as before 
at C„ = $1.00, and Q 0 = 1000 uniis. 

Solution: The batch cost is the processing cost for all J000 pieces for the first five opera¬ 
tions, after which the inspeetion and sortation procedure separates the defeets 
produced in those first five operations from the rest of the batch. This reduced 
batch quantitv then proceeds through operations 6-10.followed hy the second 
inspeetion and sortation procedure.The equation for this is thc following: 

c. - e„( i <... - c„) + ft rid - 4,)( Sc„tc. l0 ) (22.14) 

Since all C^,, are equal (C,,, = for all /). and all q are equal (q, = q for all 
/), this equation can be siniplified to: 

<» - + C„),0,,(1 - 4)>(5 C„ + C„.) (22.15) 

Using our values for this example, we have 

C„ = 1000(5 x 1.00 + 1.25) + 1000(.95) s (5 X 1.00 + 1.25) 

= 1000(6.25) + 1000(0.7738)(6.25) = $11,086 


This is a savings of $1414 or 11.3% compared with the $12,500 cost of one final in- 
spection. Note that we have been able to aehieve a significant portion of the total savings 
from fully distributed inspeetion by using only two inspeetion stations rather than len. Our 
savings here of $1414 is about 57% of thc $2468 savings from the previous example, with 
only 20% of the inspcction stations. This suggests that it may not be advantageous to locate 
an inspeetion operation after every production step, but instead to place them after groups 
of operations. The "law of dimtnishing returns" is applicable in distributed inspeetion. 

22.5.3 Inspeetion or No Inspeetion 

A relatively simple model for deciding whether to inspect at a certain point in the pro¬ 
duction sequence is proposed in Juran and Gryna [3]. The model uses the fraction defeet 
rate in the production batch. the inspeetion cost per unit inspected. and the cost of dam¬ 
age that one defeetive unit would cause if it were not inspected. The total cost per batch 
of 100% inspeetion can be formutated as follows: 
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0(100% inspection) = Q C, (22.16) 

where C„ - total cost for the batch under consideration, Q = quantity of parts in the batch, 
and C, = inspection and sortation cost per part. The total cost of no inspection, which 
leads to a damage cost for each defeetive unit in the batch. would be: 

C*(no inspection) = Qq C d (22,17) 

where C b — batch cost, as before;Q = number of parts in the batch; q = fraction defeet 
rate; and C d - damage cost for each defeetive part that proceeds to subsequent process¬ 
ing or assembly.This daniage cost may be high. for example, in the case of an electronics 
assembly whefe one defeetive component might render the entire assembiy defeetive and 
rework would be expensive. 

Finally. if sampling inspection is used on the batch, we musl include the sample size 
and the probability that the batch will be accepted by the inspection sampling plan that is 
used. This probability can be obtained from the OC curve (Figure 22.1) for a given frac¬ 
tion defeet rate q. The resulting expecled cost of the batch is the sum of three terms: (1) 
cost of inspecting the sample of size Q.,. (2) expected damage cost of those parts that are 
defeetive if the sample passes inspection. and (3) expected cost of inspecting the remain- 
ing parts in the batch if the sample does not pass inspection. In equation form. 

C,.(sampling) = C,Q, + (Q - Q,)qC d P. + (Q - £?,)C,(1 - F,) (22.18) 

where C b - batch cost, C s •= cost of inspecting and soning one part, G, = number of parts 
in the sample. Q = batch quantity. q = fraction defeet rate, C d - damage cost per defee¬ 
tive part. and P„ = probability of accepting the batch based on the sample, 

A simple decision rule can be established to decide whether to inspect the batch.The 
decision is based on whether the expected fraction defeet rate in the batch is greater than 
or less than a crilical defeet level q c , which is the ratio of the inspection cost to the dam¬ 
age cost. This critical value represents the break-even point between inspection or no in¬ 
spection. In equation form. q c is defined as follows: 

*?c = q (22.19) 

where C, = cost of inspecting and sorting one part, and C d = damage cost per defeetive 
part. If. based on past histoiy with the component. the batch fraction defeet rate q is less 
than this critical level, then no inspection is indicated. On the other hånd, if it is expected 
that the fraction defeet rate will be greater than q c , then the total cosl of production and 
inspection will be less if 100% inspection and sortation is performed prior to subsequent 
processing. 

EXAMPLE 22.5 Inspection or No Inspection 

A production run of 10,000 parts has been completed and a decision is needed 
whether to 100% inspect the batch. Past history with this part suggests that the 
fraction defeet rate is around 0.03. Inspection cost per part is $0.25. If the batch 
is passed on for subsequent processing, the damage cost for each defeetive unit 
in the batch is $10.00. Determine: (a) batch cost for 100% inspection and 
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(b) batch cost if no inspection is performed. (c) Whal is ihe critical fraclion de- 
fecl valne for dcciding whether to inspect? 

Solution: (a) Batch cost for 10091 inspection is given by Eq. (22.16): 

C„( 100'< inspection) - Q C\ = 10.000 ($0.25) = $2.500 

(b) Batch cost tor no inspection can be calculated by Eq. (22.17): 

C„(noinspection) = QqC d ~ 10,000 (0.03)($10.00) = $3,000 

(c) The critical fraction defeet value for dcciding whether to inspect is deter- 
mined from Eq (22.19)- 


Since the anticipated defeet rate in the batch is q = 0.03, the decision should be 
to inspect. Note that this decision is consistent with the two balch cosls calcu- 
lalcd for no inspection and 1009!- inspection.The lowest cost is attained when 
100% inspection is used. 


EXAMPLE 22.6 Cost of Sampling Inspection 

Uivcn the data front the preeeding example, suppose that sampling inspection 
is bcir.g considered as an alternative to 100% inspection. The sampling plan 
calls for a sample of UK) parts to be drawn at random from the batch. Based on 
the OC curve for this sampling plan. the probability of accepting the batch is 
92% at the given defeet rate of </ = 0.03. Determine the batch cost for sampling 
inspection. 

Solution: The batch cost for sampling inspection is given by Eq. (22.18): 

G(sampling) = C.Q, + (Q - Q,)qC d P a + (Q - Q,)C\ 1 - P.) 

= $0.25(100) + (10.000 - 100)(0.03)($10.00)(0.92) + (10.000 - 100)($0.25)(1 - 0.92) 
= $25.00 + 2732.40 + 198-00 = $2955.40 


The significance of Example 22.6 must not be overlooked. The total cost of sampling 
inspection for our data is greater than the cost of 100% inspection and sorlation. If only the 
cost of the inspection procedure is considered, then sampling inspection is mueh less ex- 
pensive ($25 versus $2500). But if total cosls. which include the damage thal results from 
defeets passing through sampling inspection. are considered, then sampling inspection is not 

C 

the least cost inspection alternative. We mighl consider the question: what if the ratio ~^r 

in Eq. (22.19) had been greater than the fraction defeet rate of the batch, in other words, 
the opposite of the case in Examplcs 22.5 and 22.6? The answer is that if q, were greater 
than the batch defeet rate q, then the cost of no inspection would be less than the cost of 
100%. inspection, and the cost of sampling inspection would again lie between the two cost 
values.The cost of sampling inspection will always lie between the cost of 100% inspection 
and no inspection, whichever of these two alternatives is greater. If this argument is foilowed 
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to its logical end. then the conclusion is that either no inspection or 100% inspection is pre- 
ferred over sampling inspection. and it is just a matter of deciding whether none or all is 
the better alternative. 

22.5.4 What the Equations Tetl Us 

Several lessons can be infcrred from ihc above mathematica! models and cxamples. These 
lessons should be useful in designing inspection systems for production. 

• Distributed inspection/sortation reduces the total number of parts processed in a se- 
quence of production operations compared with onc final inspection at the end of the 
scquence. This reduces waste of processing resources. 

• Partiahy distributed inspection is less eflective than fully distributed inspection at 
reducing the waste of processing resources. However, if there is an economic advan- 
tage in combining several inspection steps at one location, then partially distributed 
inspection may reduce total batch costs compared with fully distributed inspection. 

• The “law of diminishing returns" operates in distributed inspection systems, mean- 
ing thal each additional inspectioii station added in distributed inspection yields less 
savings than the previous station added. other factors being equal. 

• As the ratio of unit processing cost to unit inspection cost inereases. the advantage of 
distributed inspection over final inspection inereases. 

• Inspections should be performed immediately following processes that have a high 
fraction defeet rate. 

• Inspections should be performed prior to high cost processes. 

• When expectcd damage cost (of those defeets that pass around the inspection plan 
when the batch is accepted) and expected cost of inspecting the entire batch (when 
the batch is rejected) arc considcred, sampling inspection is not the lowest cost in- 
Spection alternative. Either no inspection or 100% inspection is a more appropriate 
alternative, dependmg on the relative values of inspection/sortation cost and dam¬ 
age cost for a defeetive unii that proceeds to the next stage of processing. 
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PROBLEMS 


Inspection Accuracy 

22.1 An inspector reported a total of 18 det eet« out of a total batch size of 250 parts. On doser 
examinalion. n was determined thai five of these reported defeets were in faet good pieces. 
whereas a total of nine defeelive units werc undetected by the inspector. Whal is the in- 
spector's accuracy in this instancc? Spccifically. whal are the values of (a) p,. (b) p ; .and 
(c) Al (d) What was the true fraclion defeet rate q? 

22.2 For the preceding problem, dc.velop a table of outeomes similar in format toTablc 22.3.The 
cntrics in the table should represeni the probabilitics of the various possible outeomes in the 
inspection operation. 

22.3 For Example 22.1. derclop a talde nr outeomes similar in formal toTablc 22.3.Thc cntrics 
will be the probabilitics of the various possible outeomes in the inspection operation. 

22.4 An inspcctor*s accuracy has been assessed as fol.ows: p, = 0.94 and p 2 - 0.80. The inspec¬ 
tor is given the task of inspecting a batch of 200 parts and soning out the defeets from good 
units. If the actual defeet rate in the batch is q - 0.04. determine: (a) the expected number 
ofTVpc 1 and (b)TVpe II errors the inspector will make. (c) Whal is the expected fraction de¬ 
feet rate that the inspector will report at the end of the inspection task? 

22.5 An inspector must 100/i inspect a production hatch of 500 parts using a gaging melhod. If 
the actual fraclion defeet rate in the batch is q » 0 02, and the inspector’s accuracy is given 
by pi - 0.9b and p 2 = 0.84. determine: (a) the number of defeets the inspector can be ex¬ 
pectcd to report and (b) the expected number ofType I and (c)Type II errors the inspec¬ 
tor wll make. 

Effect of Fraction Defeet Rate 

22.6 A batch of 10.000 raw work units is processed through 15 operations, each of which has a 
fraclion defeet rate of 0.03. Iiow many defeet-free units and how manv defeets are in ilte 
final batch? 

22.7 A Silicon wafer has a lotal of 40(1 integrated circuits (ICs) at the beginning of its fabrication 
sequence. A total of 20 operations are used to complete the ICs, 5% of which arc damaged 
at each opcration.The damages compound, meaning that an IC that is already damaged has 
the same probability of being damaged by a subsequent process as a previously undamaged 
IC. How many defecl-free ICs remain at the end of the fabrication sequence? 

22.8 A batch of workparls is processed through a sequence of nine processing operations thai 
have fraction defeet rates of 0.03.0.05.0.02,0.04.0.06,0.01,0.03,0.04, and 0.07. rcspeclive- 
Iv. A total of 5000 completcd parts arc produced by the sequence. What was the stalling 
batch quantitv? 

22.9 A production line cotisists of six workstations, as shown in Ftgure P22.9.Tbe six stations are 
as follows: (1) first manufacturing proccss. scrap rate is q, - 0.10; (2) inspection for first 
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process, separates all defects from first process; (3) second manufacturing process. scrap rate 
is = 0.20; (4) inspection for second process. separates ail defects from second process; 
(5) rework. repaiis defects from second process, recovering 70% of the defects from the pre- 
ceding operation and leaving 30% of the defects as still defective; (6) third manufacturing 
process. scrap rate q$ = zero. If the output from the production line is to bc 100,000 dcfect- 
free units, »hat quantity of raw mate ri al units must be launched onto the front of the line? 



D 


Figure P22.9 Production line for Problem 22.9. 

22.10 A ccrtain industrial process can be depicted by Figure P22.10. Operation 1 is a disassembly 
process in which each unit of raw material is separated into onc unit each of parts A and B. 
These parts are then processed separately in operations 2 and 3, respectivcly, which have 
scrap rates of q 2 = 0.05 and q f *= 0.10. Inspection stations 4 and 5 sort good units from bad 
for the two parts. Then the paris arc reassembled in operation 6. which has a fcaclion defeet 
rate q 6 = 015. Final inspection station 7 soris good units from bad. The desired final output 
quantity is 100.000 units, (a) What is the required starting quantiiy (into operation 1) to 
achieve this output? (b) Will there be any leftover units of parts A or B. and if so. how many? 



D 


Figure P22.10 Production line for Problem 22.10. 

22.11 A certain component is produced in three sequential operations. Operation 1 produces de¬ 
fects at a rate q x = 5%. Operation 2 produces defects at a rate q 2 = 8%. Operation 3 pro¬ 
duces defects at a rate q y = 10%. Operations 2 and 3 can be performed on units that are 
already defective. If 1 <J.OOO starting parts are processed through the sequence. (a) how many 
units are expected to be defeet free. (b) how many units are expected to have exaetly one 
defeet. and (c) how many units arc expected to have all three defects? 

22.12 An industrial process can be depicted as in Figure P22.12.1Vo components are made. re- 
spectively, by operations 1 and 2, and then assembled together in operation 3. Scrap rates are 
as follows: q, = 0.20. q, — 0.10, and q y = 0. Input quantities of raw components at opera¬ 
tions 1 and 2 are 25.000 and 20.000. respectivcly. One of each component is required in the 
assembly operation. The trouble is that defective components can be assembled just as eas- 



Problems 


ily as good componcnts. so inspection and sortacion is rcquired in operation 4. Determine: 
(a) how many defect-free assemblies will be produced. (b) how many assemblies will be 
made with one or more defcctive componencs. and (c) will therc tc any leftover units of ci- 
tltcr componcnt. and if so. how many? 


25.300 


20JM10 



Oi = ? 


Figure P22.12 Production line for Problem 22.12. 


Inspection Costs 

22.13 Two inspection alternatives are to be compared for a processing sequcncc consisting of 20 
operations performed on a batch of 100 starting parts: (1) one final inspection and sorta- 
tion operation following the last processing operation and (2) distributed inspection with 
aa inspection and sortation operation after each processing operation. The cost of each 
processing operation = $1.00 per unit processed. The fraction defeet rate at each op¬ 
eration q = 0.03. The cost of the single final inspectior and sortation operation in alternative 
(1) is C,f = $2.00 per unit. The cost of each inspection and sortation operation in alterna¬ 
tive (2) is C, = $0.10 per unit. Compare total processing and inspection costs per batch for 
the two cases. 

22.14 In the preccding problem, instead of inspecting and sorting after every operation, the 20op¬ 
erations will he divided into groups of five, with inspections after operations 5.10.15. and 
20. Following the logic of F.q. (2212). the cost of each inspection will be five times the cost 
o' inspecting for one defeet feature; thai is. C, $ * C,, 0 = C,„ « C, !0 = 5($0.10) = $0.50 
per unit inspected. Processing cost per unit for each operation remains the same as before 
at C r - $1.00. and Q„ - 100 parts. What is the total processing and inspection cost per 
batch for this partially distributed inspection system? 

22.15 A processing sequence consists of ten operations each of which is followed hy an inspection 
and sortation operation lo dctect and remove defeets generated in the processing opera¬ 
tion. Defects in each process occur at a rate of q = 3.04. Each processing operation costs $100 
per unit proccsscd, and the inspection/sortation operation costs $0.30 per unit. (a) Deter¬ 
mine the total processing and inspection costs for this distributed inspection system, (b) A 
proposal is being considcred to combine all of the inspections into one final inspection and 
sortation station following the last processing operation. Determine the cost per unit of this 
final inspection and sortalion station that would make the total cost of this system equal to 
that of the distributed inspection system. 

22.16 This problem is intended to show the merits of a partially distributed inspection systems in 
which inspections are placed after processing steps that generate a high fraction defeet rate. 
The processing sequence consists of eight operations with fraction defeet rates for each op¬ 
eration as follows; 


Operation 12 3456 78 

Defeet rate Q 0.01 0.01 0.01 0.11 0.01 0.01 0.01 0.11 
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Three alternatives are to be compared: (1) fully disiributed inspection, with an inspection 
aftei every operation; (2) partially distributed inspection, with inspections following oper¬ 
ations 4 and 8 only; and (3) one final inspection station after operation 8. All inspections in- 
clude sortations. In alternative {2) , the inspection procedures are each designed to deteel 
all of the defeets for the preceding fuur operations. The cost of processing is C pf = $1.00 for 
each of operations 1-8. Inspection/sortation costs for each alternative arc given in the fol¬ 
lowing table. Compare total processing and inspection costs for the three cases. 


Alternative 

Inspection and Sortation Cost 


(1) 

C, = $0.10 per unit for each or 

the eight inspection stations 

(2) 

C, = $0.40 per unit for each or 

the two inspection stations 

(3) 

C, = $0.80 per unit for the one 

final inspection station 


Inspection or No Inspection 

22.17 A batch of 1000 parts has been produced and a decision is needed whether to 100% inspect 
the batch. Past history with this part suggests that the fraction defeet rate is around 0.02. In¬ 
spection cost per part is $0.20. If the batch is passed on for subsequem processing, the dam¬ 
age cost for each defeetive unit in the batch is $8.00. Determine: (a) batch cost for 100% 
inspection and (b) batch cost if no inspection is performed. (c) What is the critical fraction 
defeet value for deciding whether to inspcct? 

22.18 Given the data from the preceding problem, sampling inspection is being considered as an 
alternative to 100% inspection.The sampling plan calls for a sample of 50 parts to be drawn 
at random from the batch. Based on the OC curve for this sampling plan. the probability of 
accepting the batch is95% at the given defeet rate of q = 0.02. Determine the batch cost for 
sampling inspection. 



chapter 23 


Inspection Technologies 


CHAPTER CONTENTS 

23.1 Inspection Metrology 

23.1.1 Characteristics of Measuring Instruments 
23.’ .2 Measurement Standards and Systems 

23.2 Contact vs. Noncontact Inspeclion Techniques 

23.2.1 Contact Inspeclion Techniques 

23.2.2 Noncontact Inspection Technologies 

23.3 Conventional Measuring and Gaging Techniques 

23.4 Coordinate Measuring Machines 

23.4.1 CMM Construction 

23.4.2 CMM Operation and Programming 

23.4.3 CMM Software 

23.4.4 CMM Applications and Benefits 

23.4.5 Flexible Inspection Systems 

23.4.6 Inspection Probes on Machine Tools 

23.5 Surface Measurement 

23.5.1 Stylus Instruments 

23.5.2 Other Surface Measuring Techniques 

23.6 Machine Vision 

23.6.1 Image Acquisition and Digitizing 

23.6.2 Image Processing and Analysis 

23.6.3 Interpretation 

23.6.4 Machine Vision Applications 

23.7 Other Optical Inspection Techniques 

23.8 Noncontact Nonoptical Inspection Technologies 


711 



712 


Chap. 23 / Inspection Technologi 


The inspection procedures described in the previous chapter are enabled by various sen¬ 
sors, instruments, and gages. Some of these inspection techniques involve manually oper- 
ated devices that have been used for more than a century; for examplc, micrometers, 
calipers. protractors. and go/no-go gages. Other techniques are based on modern tech- 
nologies such as coordinate measuring machines and machine vision. These newer tech¬ 
niques require computer systems to Control their operation and analyze the data collected. 
The computcr-bascd technologies allow the inspection procedures to be automated. In 
some cases they pennit 100% inspection to be accomplished economically. 

Our coverage in this chapter will emphasize these modern technologies. Let us beg irt 
by discussing a prerequisite topic in inspection technology: metrology. 


23.1 INSPECTION METROLOGY' 

Measurement is a procedure in which an unknown quantity is compared to a known stan¬ 
dard, using an accepted and consistent system of units. The measurement may involve a sim¬ 
ple linear rule to scale the lenglh of a part, ot it may requiTe measurement of force versus 
deflection during a tension test. Measurement provides a numerical value of the quantity 
of interest, within certain limits of accuracy and precision. It is the means by which in¬ 
spection for variables is accomplished (Section 22.1.1). 

Metrology is the science of measurement. The science is concemed with seven basic 
quantities: length, mass, time, electric current, temperature, luminous intensity, and mat¬ 
ter. From these basic quantities, other physical quantities are derived, such as area, vol- 
ume, velocity, acceleration, force, electric voltage, energy. and so forth. In manufacturing 
metrology. our main concern is usually with measuring the length quantity in the many 
ways in which it manifests itself in a part or product. These include length, widlh, depth, di¬ 
ameter. straightness, flatness, and roundness. Even surface roughness (Section 23.5) is de- 
fined in terms of length quantities. 


23.1.1 Characteristics of Measuring Instruments 

All measuring instruments possess certain characteristics that make them useful in the par- 
ticular applications they serve. Primary among these are accuracy and precision, but other 
features include speed of response. operating range, and cost.The attributes are discussed 
in this section. They can be used as criteria in selecting a measuring device. No measuring 
instrument scores perfeet marks in all of the criteria. Compromises are required in choos- 
ing a device for a given application, emphasizing those criteria that are most important. 

Accuracy and Precision. Measurement accuracy is the degree to which the mea- 
sured value agrees with the true value of the quantity of interest. A measurement procedure 
is accurate when it is absent of systematic errors. Systematic erron are positive or negative 
deviations from the true value that are consistent from one measurement to the next. 

Precision is a mcasure of repeatability in a measurement process. Good precision 
means that random errors in the measurement procedure are minimized. Random errors 
are often due to human participation in the measurement process. Examples include vari- 


'This section is 


i based on Groover [ 10J, Section 41.1. 
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ations in the set up. imprecise reading of ihe scale, round-off approximalions, and so on. 
Nonhuman contributors lo random error include changes in temperature, gradual wear 
and/or misalignmcnl in ihe working elements of the device, and other variations. Il is gen¬ 
erally assumed that random errors obey a normal statistical distribution whose mean is 
zero and whose standard deviation a indicates the amount of dispersion that exists in the 
measurement. The normal distribution has certain well defined propertics. including the faet 
that 99.73% of the population is included within ±3cr of the population mean. A measur- 
ing instrument's prccision is often defined as ±3tr. 

The disti netion between accuracy and precision isdepicted in Figure23.1.In (a),the 
random error in the measurement is large, indicating low precision: but the mean value of 
the measurement coincidcs with the true value. indicating high accuracy. In (b), the mea¬ 
surement error is small (good precision). but the measured value differs subsiantially from 
the true value (low accuracy). And in (c), both accuracy and precision are good. 

No measuring instrument can bc built that has perfeet accuracy (no systematic error) 
and perfeet precision (no random error). Perfection in measurement, as in anything clse. 
is impossible. Accuracy of the instrument is maintained by proper and rcgular calibration 
(explained below). Precision is achieved by selecting the proper instrument technology for 
the application. A guideline often applied to determine the right level of precision is the 
rule of 10, which means that the measuring device must be ten times more prccise than the 
specified tolerance Thus, if the tolerance to be measured is ±0.25 mm (±0.010 in), then 
the measuring device must have a precision of =0.025 mm (±0.001 in). 

Other Features of Measuring Instruments. Another aspect of a measuring in¬ 
strument is itscapacity to dislinguish very small differences in the quantity of interest.The 
indication of this characteristic is the smallest variation of the quantity that can be detect- 
cd by the instrument. The terms resolution and sensitlvlty are generally used for this at- 
tribute of a measuring device. Other desirable features ofa measuring instrument include: 
stability, speed of response, wide operating range, high reliability, and low cost. 

Some measurements, especially in a manufacturing environment. must bc made quick- 
ly.The abilily of a measuring instrument to indicate the quantity in minimum time lag is 
called its speed of response. Ideally, the time lag should be zero; however, this is an impos- 
siblc ideal. For an automatic measuring device, speed of response is usually taken to be 



Measured f Measured f Measural 

variable variable ' variable 

True True 


valne value value 

(a) ib) (c) 

Figure 23.1 Accuracy versus precision in measurement: (a) high accuracy but 
low precision, (b) low accuracy but high precision, and (c) high accuracy and high 
predsioo. 
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the time lapse between when the quantity of interest changes and the device is able to in- 
dicatc the change within a certain small percentage of the true vaiue. 

The measuring instrument should possess a wide operating range, that is its capability 
to measure the physical variable throughout the entire spån of practical interest to the user. 
High reliability , which can be defined as the absence of frequent malfunctions and failures 
of the device, and low cust are of cuurse desirable allribules of any engineering equipinent. 

Analog Versus Digital Instruments. An analog measuring instrument provides 
an output that is analog; that is, the output signal of the instrument varies continuousiy 
with the variable being measured. Because the output varies continuousiy. it can take on 
any of an infinite number of possible values over the range in which it is designed to op- 
eratc. Of course. when the output is read by the human eye, there are limits on the resolu¬ 
tion thal can be discriminated. When analog measuring dcvices are used for process control, 
the common output signal is voltage. Since most modern process controllers are based on 
the digital computer, the voltage signal must bc converted to digital form by means of an 
analog-to-digital converter (ADC.Section 5.3). 

A digital measuring instrument provides an output that is digital; that is, it can assume 
any of a discrete number of incremental values corresponding to the vaiue of the quanti 
ty being measured.The number of possible output values is finite.The. digital signal may 
consisl of a set of parallel bits in a storage register or a series of pulses that can be count- 
ed. When parallel bits are used, the number of possible output values is determined by the 
number of bits as follows: 


n a = 2® (23.1) 

where n a = number of possible output values of the digital measuring device; and B = num¬ 
ber of bits in the storage register. The resolution of the measuring instrument is given by: 

MR ' ^7 ’ < 23 - 2 > 

where MR = measurement resolution, the smallest incremcnt that can be distinguished by 
the device; L = its measuring range; and B = number of bits used by the device to store 
the reading, as before. Although a digital measuring instrument can provide only a finile 
number of possible output values, this is hardly a limitation in practice, since the storage 
register can be designed with a sufficient number of bits to achieve the required resolution 
of most any application. 

Digital measuring devices are finding increased utilization in industrial practice for 
two good reasons: (1) the ease with which they can be read when used as stand-alone in¬ 
struments; and (2) the capability of most digital devices to be directly interfaced with a 
digital computer, hence avoiding the need for analog-to-digital conversion. 

Calibration. Measuring devices must be calibrated periodically. Calibratlon is a 
procedure in which the measuring instrument is checked against a known standard. For 
example, calibrating a thermometer might involve checking its reading in boiling (pure) 
water at standard atmospheric pressure, under which conditions the temperature is known 
to be 100°C (212°F). The calibration procedure should include checking the instrument 
over its entire operating range. The known standard should be used only for calibration pur¬ 
poses; it should not serve as a spare shop floor instrument when an extra is needed. 
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Forconveniencc, the calibration procedure should be as quick and uncomplicated as 
possible. Once calibrated.the instrument should be capable of retainingits calibration -con- 
tinuing to measure the quantity without deviating from the standard for an extended pe- 
riod of time. This capability to retain calibration is called stability, and the lendency of the 
device to gradually lose its accuracy relative to the standard is called drift. Reasons for 
drift include factors such as (1) mechanical wear, (2)dirt and dust, (3) fumes and Chemicals 
in the environment, and (4) effeets of aging of the materials out of which the instrument is 
made. Good coverage of the measurement calibration issue is provided in Morris (14], 


23.1.2 Measurement Standards and Systems 

A common feature of any measurement procedure is comparison of the unknown value 
with a known standard. Two aspecis of a standard are critical: (1) it must be constant;it must 
not change over time; and (2) it must be based on a system of units that is consistent and 
accepted by users. In modem times, standards for length, mass, time, electric current, tem¬ 
perature, fight, and matter are defined in terms of physical phenomena that can be relicd 
upon to remain unchanged.These standards are defined by international agreement. For 
the edification and amusement of our readers. we present these standards in Table 23.1. 

TVvo systems of units have evolved inlu prcdominance in the World: (1) the U.S.eus- 
tomary system (U.S.C.S.); and (2) the International System of Units (or SI. for Le Systéme 
International d’Unites), more populariy known as the metric system (Historical Note 23.1). 
Both of these systems are wcll-known. We use both in parallel throughout this book.The 
metric system (Table 23.1) is widely accepted in nearly every part of the industrialized 
world except the United States, which has stubbornly clung to its U.S.C.S. Gradually, the 
United States is going metric and adopting the SI. 


TABLE 23.1 Standard Units for Basic Physical Quantities (System Internationale) 


Quantity 

Standard Unit 

Symbol 

Standard Unit Defined 

Length 

Meter 

m 

The distance traveled by light in a vaeuum in 1/299,792,458 of a 
second. 

Mass 

Kilogram 

kg 

A cylinder of platinum-iriHium alloy that is kept by the international 
Bureau of Weights and Measures in Paris. A "duplicate" is 
retained by the National Institute of Standards and Technology 
(NIST) near Washington, DC. 

Tim, 

Second 

3 

Duration of 9,192,631,770 cycles of the radiation associated with a 
change in energy level of the cesium atom. 

Electric 

current 

Ampere 

A 

Magnitude of current which, when flowing through each of two 
long parallel wires a distance of 1 m apart in free space, results in 
a magnetic force between the wires of 2 x 10“ 7 W for each meter 
of length. 

Thermo- 

dynamic 

temperatu i 

Kelvin 

K 

The kelvin temperature scale has its zero point at absolute 
zero and has a fixed point of 273.15 K at the triple point of water, 
which is the temperature and pressure at which ice, liquid water, 
and water vapor are in equilibrium. The Celsius temperature 
scale is derived from the kelvin as C = K - 273.15. 

Light 

intensity 

Candela 

cd 

Defined as the luminous intensity of 1 /600.000 of a squarc meter of 
a radiating cavity at the melting temperature of platinum 
(1769*C). 

Matter 

Mole 

mol 

Defined as the number of atoms in 0.012 kg mass of carbon 12. 
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Historical Note 23.1 Measurement systems 

Measurcncm systems in ancicnt civilisations were based on dimensions of the human body. 
Egypiians deve!opcd the cubit as a linear measurement standard around 3000 B.C., which was 
widely used in the ancienl world. The cubit was defined as the length of a human arm and 
hånd from elbow to fingertip. Although seemingly fraught with difficulties due to variations in 
arm lengths. the cubit was standardizcd in the form of master cubit of granite.This standard 
cubit. 524 mm (26-6 in), was used to produce other cubit sticks throughout Egypi The standard 
cubit was divided into dlgits (a human finger width). with 28 digit s per cubit. Four digits equaled 
a palm. and five a hånd. Thus. a system of measures and standards was developed in the an- 

Ultimalely. domination of the ancienl Mediterranean world passed to the Greeks and 
then to the Romans. The basic linear measure of the Greeks was the finger, and 16 fingers 
equaled 1 /©or. The Romans adopted and adapted the Greek system, specifically the foot.di- 
viding it into 12 parts or inches ( unciae. as the Romans called them). The Romans defined 
5 fcet as a pace and 5000 feet as a mile. (How did we end up with 5280 feet in a mile?) 

During medieval Europe. various national and regional measurement systems devel¬ 
oped, many of them based on the Roman standards. TVo primary systems emerged in the west¬ 
ern world.the English system and the metric system.The English system defined the yard "as 
the distance from the thumb-tip to the end of the nose of English King Henry 1” [21]. The 
yard was divided into 3 feet and this in turn into 12 inches. Since the American colonies were 
tied to England.it was nalural for the United States to adopl the same system of measure- 
ments at the time of its indepcndence.This became the U.S. Customary System (U.S.C.S.). 

The initial proposal for a metric system iscrediled to Vicar G. Mouton in Lyon. France 
around 1670. HU proposal included three imponant attributes thal were subsequently incor- 
porated into the metric standards: (1) The basic unit was defined in terms of a measurement 
of Earth, which was presumed constant—his proposed length measure was based on the length 
of an arc of one minute of longitude; (2) the units were subdivided decimally; and (3) rational 
prefixes for the units Mouton "s proposal was discussed and debaced among scientists in France 
for the ncxt 125 Years. One of the results of the Frcnch Revolution was the adoption of the met¬ 
ric system of weights and measures (in 1795). The basic unit of length was the meter, which was 
then defined as 1/10,000,000 of the length of the meridian between the North Pole and the 
Equator ard passing through Paris (but of course). Multiples and subdivisions of the meter were 
basedon Greek prefixes 

Dissemination of the metric system throughout Europe during the early 1800s was en- 
couraged by the military successes of French armies under Napoleon. In othet parts of the 
world, adoption of the metric system occurred over many years and was often motivated by 
significant political changes; this was the case in Japan. China, Russia, and Latin America. An 
act of British Parliamcnt in 1963 redefined the English system of weights and measures in 
terms of metric units and mandated a changeover to metric two years later, thus aligning Britain 
with the rest of Europe. This left the United States as the only major industrial nation that 
was nonmetne. 

In 1960, an international confercnce on weights and measures held in Paris reached 
agreement on new standards based on the metric system. Thus the metric system became the 
Systemes International d’Unites (SI).The previous definition of the meter that had been adopt¬ 
ed at the time of the French Revolution (10 _T times the polar quadrani of Earth) was aban- 
doned.andanewstandardmetcrwasdefmedas 1.65076373 x 10 6 wavelengths of the radiation 
from Krypton 86 in a vaeuum. In 1983, the meter was again redefined in its present form, shown 
in Tabte 23.1. 
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23.2 CONTACT VS. NONCONTACT INSPECTION TECHNIQUES 

Inspection techniques can be divided into two broad categorics: (1) contact inspection and 
(2) noncontact inspection. In contact inspection. physicai contact is made between the ob- 
ject and the measuring or gaging instrument, whereas in noncontact inspection no physi¬ 
cai contact is made. 


23.2.1 Contact Inspection Techniques 

Contact inspection involves the use of a mechanical probe or other device that makes con¬ 
tact with the object being inspected. The purpose of the probe is to measure or gage the 
object in some way. By its nature, contact inspection is usually concemed with some phys- 
ical dimension of the part. Accordingly, these techniques are widely used in the manufac¬ 
turing Industries, in particular in the production of metal parts (machining, stamping, and 
Other mctalworking processes). The principal contact inspection technologies are: 

• Convcntional measuring and gaging instruments, manual and automated 

• Coordinate measuring machines (CMMs) and related techniques 

• Stylus type surface texture measuring machines 

Conventional measuring and gaging techniques and coordinate measuring machines mea¬ 
sure dimensions and related specifications. Surface texture measuring machines measure 
surface characteristics such as roughness and waviness. 

Conventional techniques and CMMs compete with each other in the measurement 
and inspection of part dimensions. The general appiication ranges for the different types 
of inspection and measurement equipment are presented in the PQ chart of Figure 23.2, 
where P and Q refer to the variety and quantity of parts inspected. 


P t 



Figure 23.2 PQ chart indicating most appropriate measurement 
equipment as a funetion of parts variety and quantity (adapted 
from 12]). 
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Reasons why these contact inspection methods are technologically and commercial- 
ly important include the fellowing: 

• They are the most widely used inspection technologies today. 

• They are accurate and reliabie. 

• ln many cases, they represent the only methods available to accomplish the inspection. 

23.2.2 Noncontact Inspection Technologies 

Noncontact inspection methods utilize a sensor located at a certain distance from the ob- 
ject to measure or gage the desired features. The noncontact inspection technologies can 
be classified into two categories: (1) Optical and (2) nonoptical. Optical inspection tech¬ 
nologies make use of light to accomplish the measurement or gaging cycle. The most im¬ 
portant optical technology is machine vision; however, other Optical techniques are 
important in certain induslries. Nonoptical inspection technologies utilize energy forms 
other than light to perform the inspection; these other energies include various electrical 
fields, radiation (other than light), and ultrasonics. 

Noncontact inspection offers certain advantages over contact inspection techniques. 
The advantages include: 

• Avoidance of damage to the surface that might result from contact inspection. 

• Inherently faster inspection cycle times. The reason is that contact inspection proce¬ 
dures require the contacting probe to be positioned against the part, which takes 
time. Most of the noncontact methods use a stationary probe that does not need repo- 
sitioning for each part. 

• Noncontact methods can often be accomplished on the production line without the 
need for any additional handling of the parts, whereas special handling and posi- 
tioning of the parts is usually required in contact inspection. 

• Increased opportunity for 100% automated inspection. Faster inspection cycle times 
and reduced need for special handling means thal 100% inspection is more feasible 
with noncontact methods. 

A comparison of some of the features of the various contact and noncontact inspection 
technologies is presented in Table 23.2. 


23.3 CONVENTIONAL MEASURING AND GAGING TECHNIQUES* 

Conventional measuring and gaging techniques use manually operated devices for linear 
dimensions such as length, depth, and diameter, as well as features such as angles.straight- 
ness, and roundness. Measuring devices provide a quantitative value of the part feature of 
interest, while gages determine whether the part feature (usually a dimension) falis with- 
in a certain acceptable range of values. Measuring requires more time to accomplish but 
provides more information about the part feature. Gaging can be accomplished more quick- 
ly but does not provide as much information. Both techniques are widely used for post- 
process inspection of piece parts in manufacturing. 

J This section is based on Groover [10].Section 41.3. 
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TABLE 23.2 Compsrison of Resolution and Relative Speed of Several tnspection Technologies 


Inspection Technology 

Typicel Resolution 

Relative Speed of Application 

Conventional instruments: 




Steel rule 

0.25 mn 

i (0.01 in) 

Medium speed (medium cycle 
time) 

Vernier caliper 

0.025 m 

m (0.001 in) 

Slow speed (high cycle time) 

Micromeler 

0.0025 r 

nm (0.0001 in) 

Slow speed (high cycle time) 

Coordinate measuring machine 

0.0005 r 

nm 10.00002 in)* 

Slow cycle time for single 
measurement. High speed for 
multiple measurements on 
same object. 

Machina vision 

0.25 mir 

t (0.01 in)** 

High speed (very low cycle time 
per piece) 


*" Pracision In machina vision is highly d»pandent on Ihe camera lens system and mogmficetion used in tha applicatlons. 


Measuring devices tend to be used on a sampling inspection basis. Some devices are 
portable and csn be used at the production process. Others require bench setups that are 
remote from the process, where the measuring instruments ean be set up accurately on a 
flat reference surface, called a surfaceplaie. Gages are used either for sampling or 100% 
inspection. They tend to be more portable and lend themselves to appUcation at the pro¬ 
duction process. Ccrtain measuring and gaging techniques can be incorporated into auto¬ 
mated inspection systems, to permit feedback control of the process, or for statistical process 
control purposes. 

The ease of use and precision of measuring instruments and gages have been en- 
hanced in recent years by electronics. Electronic gages are a family of measuring and gag¬ 
ing instruments based on transducers capable of converting a linear displaccment into a 
proportional electrical signal. The electrical signal is then amplified and transformed into 
a suitable data format such as a digital readout. For example, modem micrometers and 
graduated calipers are available with a digital display of the measurement of interest.These 
instruments are easier to read and eliminate mueh of the human error associaled with 
reading conventional graduated devices. Transducers used in electronic gages include: lin¬ 
ear variahle differential transformers (LVDT).strain gages, inductance bridges, variable 
capacitors, and piczoelectric crystals.The transducer is contained in a gaging head designed 
for the application. 

Applications of electronic gages have grown rapidly in recent years, driven by ad- 
vances in microprocessor technology. They are steadily replacing many of the conventional 
measuring and gaging devices. Advantages of electronic gages include: (1) good sensitivi- 
ty, accuracy. prscision, repeatability, and speed of response; (2) ability to sense very small 
dimensions - down to 1 microinch (0.025 mieron); (3) ease of operation; (4) reduced human 
error; (5) electrical signal can be displayed in various formats; and (6) capability to be in- 
terfaced with computer systems for data processing. 

For reference, we list the common conventional measuring instruments and gages 
with brief descriptions in Table 233. It is not our putpose in this book to provide an ex- 
haustive discussion of these devices. A comprehensive survey can be found in books on 
metrology, such as [51 or [3], or for a more concise treatment [10]. Our purpose here is to 
focus on more modem technologies, such as coordinate measuring machines. 
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TABLE 23.3 Common Conventional Measuring Instruments and Gages (Adapted from (10])—Some of These 
Devices Can Be Incorporated into Automated Inspection Systems 


Instrument and Description 


Steel rule - Linear graduated measurement scale used to measure linear dimensions. Available in various 
lengths, typically ranging f-om 150 lo 1000 mm, with graduations of 1 or 0.5 mm. (U.S.C.S. rules available 
from 6 to 36 in. with graduations of 1/32 in or 0.01 in.) 

Calipers - Family of graduated and nongraduatad measuring devices consisting of two legs joined by a 
hinge mechanism. The ends of the legs contact the surfaces of the object to provide a comparative 
measure. Can be used for internal le g., inside diameter) or external (e.g . outside diameter) 
measure mønts. 

Slide caliper- Steel rule to which tv/o jaws are added, one fixed and the other movable. Jaws are forced to 
contact part surfaces to be measured, and the location of the movable jaw indicates the dimension of 
interest. Can be used for internal or external measurements. 

Vernier caliper - Refinement of the slide caliper, in which a vernier scale is used to obtain more precise 
measurements fas close as 0.001 in are readily possible). 

Micrometer- Common device consisting of a spindle and C-shaped anvil [similar to a C-clamp). The spindle 
is closed relative to the fixed anvil by means of a screw tbread to contact the surfaces of the object being 
measured. A vernier scale is used to obtain precisions of 0.01 mm in S.l. (0.0001 in in U.S.C.S.). Available 
as outside micrometers. inside micrometers, or depth micrometers. Also available as eleclronic gages to 
obtain a digital readout of the dimension of interest. 

Dialindicator- Mechanical gage that converts and amplifies the linear movement of a contact pointer into 
rotation of a dial needle. The diai is graduated in units of 0.01 mm in S.l. (0.001 in in U.S.C.S.). Can be 
used to measure straightness, flatness, squareness, and roundness. 

Gages - Family of gages, usually of the go/no-go type, that check whether a part dimension lies within 
acceptable limits defined by tole-snce specified in part drawing. Includes: (1) snap gøges for externsl 
dimensions such as a thickness, (2) ring gages for cylindrical diameters. (3) plug gages for hole 
diameters, and (4) thread gages. 

Protractor- Device for measuring angles. Simple protracior consists of a straight blade and a semicircular 
head graduated in angular units (e.g., degreesl. Bevel protractor consists of two straight blades that pivot 
one to the other; the pivot mechanism has a protractor scale to measure the angle of the two blades. 


23.4 COORDINATE MEASURING MACHINES 

Coordinate metrology is conccmed with the measurement of the actual shape and di¬ 
mensions of an object and comparing these with the desired shape and dimensions, as might 
be specilied on a part drawing. In tilis connection, coordinate metrology consists of the 
evaluation of the location, orientation, dimensions, and geometry of the part or object. A 
coordinate measuring machine (CMM) is an electromechanical system designed to perform 
coordinate metrology. A CMM consists of a contact probe that can be positioned in 
three-dimensionaJ (3-D) space relative to the surfaces of a workpart; and the jt, y, and z 
coordinates of the probe can be accurately and precisely recorded to obtain dimensional 
data eonceming the part geometry. See Figure 23.3. The technology of CMMs dates from 
the mid-1950s (Historical Note 23.2). 
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! Historical Note 23.2 Coordinate measuring machines f2] 

, In the mid-1950s. applications of numerical control (NC) technology were growing (Histori- 
• cal Note 6.1). A part that took hours to produce by conventional raachining methods could be 
I machined in minutes on an NC machine.The problem was that it still required hours to inspect 
ihe part by traditional measuring techniques. Among those who recognbed this problem was 
Harry Ogden.chief engineer at Ferranti, l .td.. a company producing NC machines in Scotland. 
To address the problem. Ogden developed an inspection machinc in 1956. which is considered 
I to bc the first coordinate measuring machinc (CMM). It consisted of a freely moving measur¬ 
ing probe with electronic numerical display to indicate the location of the probe in x-y coor- 
dinates. It had x and y movements of 610 mm (24 in) and .181 mm (15 in).rr*pectively Jt tised 
a tapered probe tip and provided a measuring aecuracy of 0.025 mm (0.001 in). The machine 
was called the Ferranli Inspection Machine. 

Among the altendees al the International Machine Tool Show in Paris in 1959 was 
George Knopf, General Manager of the Industrial Controls Division of Bendix Corp. in the 
United States. Whilc touring the show, Knopf visited the Fenanti exhibit and noted with great 
interesi the two-axis CMM among Ihe Ferranti products on display. Recognizing the potential 
of the machinc, Knopf flew from the show to Ihe Ferranti plant in Edinburgh, Scotland, where 
he started negotiations thal led to an exelusive contrac: for Bendix to seli Ferranli CMMs in 
Nortb America. Ferranli machines were exhibited by Bendix at the National Machine Tbol 
Show in Chicago in 1960. 

The first Ferranti CMM sold in the United States was to Western Electric Company 
plant in Winston-Salem,Noith Carolina.The machine was used to replace manual inspection 
techniques. Accurate records were kept on relative inspection times, manual techniques ver¬ 
sus the CMM. Inspection times were reduced from 20 minutes to 1 minute. The merit of the 
CMM was demonstrated, and Ihe market for the CMM was established. 

In 1961. responsibility for marketing Ferranti CMMs was assigned to Sheffield Corp.. a 
division of Bendix that had been acquired in 1956. Between 1961 and 1964, more than 250 
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CMMs were sold by Sheffield. The tradename Cordax (which stands for coordinate axes) was 
adopted. An agrcement with Ferranti was reached for Sheffield to produce CMMs in the Unit¬ 
ed States New Cordax models were introduced. CMM sales were growing, and other compa- 
nics were entering the market, including DEA t Digital Electronic Automation, an Italian firm) 
in 1965 and Carl Zeiss (a German firm) in 1973. Zeiss is credited with developing the first 
three-axis CMM.The first touch-trigger probe was developed in England in 1972. Computer 
software was developed for CMMs to perform probe offset compensation and to calculate 
geometric features. Improvements in CMM teehnology continue today. 


To accomplish measurements in 3-D, a basic CMM is composed of the following 
componenls: 

• probe head and probe to contact the workpart surfaces 

• mechanical structure thal provides motion of the probe in three Cartesian axes and 
displ8cement transducers to measure the coordinate values of each axis 

In addition, many CMMs have the following componeuts: 

• drive system and control unit to movc cach of the three axes 

• digital computer system with application software 

In this section, we discuss (1) the conslruction features of a CMM; (2) operation and pro- 
gramming of the machine: (3) the kinds of application software that enable it to measure 
more than just x-y-z coordinates; (4) applications and benefits of the CMM over manual 
inspection; (5) flexible inspection systems, an enhancement of the CMM; and (6) use of 
cOgdact inspection probes on machine tools. 

23.4.1 CMM Construclion 

In the construction of a CMM. the probe is fastened to a mechanical structure that allows 
movement of the probe relative to the part.The part is usually located on a worktable thal 
is connected to the structure. Let us examine the two basic components of the CMM: (1) its 
probe and (2}‘its mechanical slructure. 

Probe. The contacl probe is a key component of a CMM. It indicates when contact 
has been made with the pari surface during measurement. The tip of the probe is usualty 
a ruby ball. Ruby is a form of corundum (aluminum oxide), whose desirable properlies in 
this application include high hardness for wear resistance and low density for minimum 
inertia. Probes can have either a single tip, as in Figure 23.4(a), or multiple tips as in Fig- 
ure 23.4<b). 

Most probes today are touch-trigger probes. which actuate when the probe makes 
contact with the part surface. Commercially available touch-trigger probes utilize any of var- 
ious triggering mechanisms, including the following: 

• The trigger is based on a highly sensitive electrical contact switch that emits a signal 
when the tip of the probe is deflected from its neutral position. 

• The trigger actuates when electrical contact is established between the probe and 
the (metallic) part surface. 
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Figure 23.4 Contact probe configuiations: (a) single lip and (b) mul¬ 
tiple tips. 


• The trigger uses a piezoelectric sensor that generates a signal based on tension or 
compressioo loading of the probe. 

Immediately after contact is made between the probe and the surface of the object, 
the coordinate positions of the probe are accurately measured by displacement transduc¬ 
ers associated with each of the three linear axes and recorded by the CMM controller. 
Common displacement transducers used on CMMs include optical scales, rotary encoders, 
and magnetic scales {2], Compensation is made for the radius of the probe tip, as indicat- 
ed in our Example 23.1,and any limited overtravelof the probe quilt due to momentum is 
neglected. After the probe has been separated from the contact surface, it retums to its 
neutral position. 

EXAMPLE 23.1 Dimensional Measurement with Probe Tip Compensation 

The part dimension L in Figure 23.5 is to be measured. The dimension is aligned 
with the x-axis, so it can be measured using only x-coordinate locations. When 
the probe is moved toward the part from the left, contact made at x = 68.93 is 
recorded (mm). When the probe is moved toward the opposite side of the part 
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Figure 23.5 Setup for CMM measurement in Example 23.1. 
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from the right,contact made at x - 137.44 is recorded.The probe tip diameter 
is 3.00 mm. What is the dimension LI 

Solution: Given that the probe tip diameter D, = 3.00 mm, the radius R, = 1.50 mm. 
Eacb of the recorded x valucs must be corrected for this radius. 
x, = 68.93 + 1.50 = 70.43 mm 
x 2 * 137.44 - 1.50 = 135.94 mm 
L = xi - x 2 = 135.94 - 70.43 = 65.51 mm 


Mechanical Structure There are various physical configurations for achieving the 
motion of the probe, each with its relative advantages and disad vantages. Ncarly all CMMs 
have a mechanical configuration that fits into one of the following six types, illustrated in 
Figure 23.6: 




Figure 23.6 Six types of CMM construction: (a) cantilever, (b) moving bridge, 
(c) fixed bridge, (d) horizontal arm (moving ram type), (e) gantry, and (f) 
column. 
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(a) Cantilever. In the cantilever configuration, illustrated in Figure 23.6(a). the probe is 
attached lo a vertical quill that moves in the z-axis direction relative to a horizontal 
arm that overhangs a fixed worktable.The quill can also be nioved aiong the length 
of the arm to achieve y-axis molion, and the arm can be moved relative to the work- 
table to achieve x~axis motion.The advantages of this construction are: (1) convenient 
access to rhe worktable, (2) high throughput—the rate at which partscan be mount- 
ed and mcasured on the CMM, (3) capacity to measurc large workparts (on large 
CMMs). and (4) relatvely small floor Space requirements. Its disadvantage is lower 
rigidity than most othcr CMM constructions. 

(b) Moving bridge. In the moving bridge design. Figure 23.6(b). the probe is mounted on 
a bridge structure that is moved relative to a stationary table on which is positioned 
the part to be mcasured.This provides a more rigid structure than the cantilever de¬ 
sign. and its advocates claim that this makes the moving bridge CMM more accuratc. 
However.one of the problems encountered with the moving bridge design is yawing 
(also known as walking). in which the two legs of the bridge move at slightly differ- 
ent speeds, resulting in twistingof the bridge. This phenomenon degrades the accu- 
racy of the measurements. Yawing is redueed on moving bridge CMMs when dual 
drives and position feedback Controls are installed for both legs. The moving bridge 
design is the most widely used tn industry. It is well suited to the size range of parts 
commonly encountered in production machine shops. 

(c) Fixed bridge. In this configuration, Figure 23.6(c), the bridge is attached to the CMM 
bed. and the worktable is moved in the x-dircction benealh the bridge. This con¬ 
struction eliminates the possibility of yawing. hence inereasing rigidily and accuracy. 
However, throughput is adversdy affeeted because of the additional mass involved 
to move the heavy worktable with part mounted on it. 

(d) Horizontal arm. The horizontal arm configuration consists of a cantilevered hori¬ 
zontal arm mounted to a vertical column. The arm moves vertically and in and out 
to achieve y-axis and z-axis motions. To achieve x-axis motion, either the column is 
moved horizontally past the worktable (called the moving ram design), or the work¬ 
table is moved past the column (called the moving rable design).The moving ram de¬ 
sign is illustrated in Figure 23.6(d). The cantilever design of the horizontal arm 
configuration makes it less rigid and therefore less accurate than other CMM struc- 
tures. On the positive side, it allows good accessibility to the work area. Large hori¬ 
zontal arm machines are suited to the measurement of automobile bodies, and some 
CMMs are cquipped with dual arms so that independent measurements can be taken 
on both sides of the car body at the same time. 

(c) Gantry. This construction, illustrated in Figure 23.6(e), is generally intended for in- 
specting large objects.The probe quill (z-axis) moves relative to the horizontal arm 
extending beiween the two rails of the gantry. The workspace in a large gantry type 
CMM can be as great as 25 m (82 ft) in the x-direclion by 8 m (26 ft) in the y-direc- 
tion by 6 m (20 ft) in the z-direction. 

(f) Column. Tbis configuration, in Figure 23.6(f), is similar to the construction of a ma¬ 
chine tool. The x- and y-axis movements are achieved by moving the worktable, while 
the probe quill is moved vertically aiong a rigid column to achieve z-axis motion. 

In all of the.se constructions, special design features arc used to build high accuracy and pre- 
cision into the frame. These features include precision rolling-contact bearings and hy- 
drostatic air-bearings. installation mountings to isolate the CMM and reduce vibrations in 
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the factory from being transmitted through the floor, and various schemes to counterbal- 
ance the overhanging arm in the case of the cantiiever constrnction [4], [17]. 

23.4.2 CMM Operation and Programming 

Positioning the probe relative to the part can be accomplished in several ways, ranging 
from manual operation to direct computer control (DCC). Computer-controlled CMMs 
operate mueh likc CNC machine lools, and these machines must bc programmed. In this 
section. wc consider (1) types of CMM Controls and (2) programming ot computer-con 
trollcd CMMs. 

CMM Controls. The methods of operating and controlling a CMM can be classi- 
fied into four main categories: (1) manual drive, (2) manual drive with computcr-assisted 
data processing, (3) motor drive with computer-assisted data processing, and (4) DCC with 
computer-assisted data processing. 

In a manual drive CMM, the human operator physically moves the probe along the 
machine's axes to make contact with the part and record the measurements. The three or- 
thogonal slides are designed to be nearly frictionless to permit the probe to be free float- 
ing in the x-, y-, and z-directions. The measurements are provided by a digital readout, 
which the operator can record either manually or with paper printout. Any calculations on 
the data (e.g., calculating the center and diameter of a hole) must be made by the operator. 

A CMM with manual drive and computer-assisted data processing provides some 
data processing and computational capability for performing the calculations required to 
evaluate a given part feature. The types of data processing and computations range from 
simple conversions between U.S. customary units and metric to more complicated geom- 
etry calculations, such as determining the angle between two planes. The probe is still free 
floating to permil the operator to bring it into contact with the desired part surf aces. 

A motordriven CMM with computer-assisted data processing uses electric motors 
to drive the probe along the machine axes under operator control. A joystick or similar de¬ 
vice is used as the means of controlling the motion. Features such as low-power stepping 
motors and friction elutehes are utilized to reduce the effeets of collisions between the 
probe and the part. The motor drive can be disengaged to permit the operator to physically 
move the probe as in the manual control method. Motor-driven CMMs are generally 
equipped with data processing to accomplish the geometric computations required in fea¬ 
ture assessment. 

A CMM with direct computer control (DCC) operates like a CNC machine tool. It 
is motorized, and the movements of the coordinate axes are controlled by a dedicated com¬ 
puter under program control. The computer also performs the various data processing and 
calculation funetions and compiles a record of the measurements made during inspection. 
As with a CNC machine tool, the DCC CMM requires part programming. 

DCC Programming. There are two principle methods of programming a DCC 
measuring machine: (1) manual leadthrough and (2) off-line programming. In the manu¬ 
al leadthrough method, the operator leads the CMM probe through the various motions 
required in the inspection sequence. indicating the points and surfaces that are to be mea- 
sured and recording these into the control memory. This is similar to the robot program¬ 
ming technique of the same name (Section 7.6.1). During regular operation, the CMM 
controller plays back the program to execute the inspection procedure. 
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Off-line programming is accomplished in the manner of computer-assisted NC part 
programming.The program is prepared off-line based on the part drawing and then down- 
loadcd to the CMM controller for cxecution. The programming statements for a comput- 
er-eontrolled CMM include motion commands. measurement commands, and report 
fomiatting commands.The motion commands are used to direct the probe to a desired in- 
spection location, in the same way that a cutting tool is directed in a machining operation. 
The measurement statements are used to comrol the measuring and inspection funetions 
of the maebine, calling the various data processing and caiculation routines into play. hi- 
nally, the formaning statements permn the specification of the output reports to doeument 
the inspection. 

An cnhancement of off-line programming is CAD progrumming [2], in which the 
measurement cycle is generated from CAD (Compuler-Aided Design, Chapter 24) geo- 
metric data representing the part rather than from a hard copy part drawing. Off-line pro¬ 
gramming on a CAD system is facilitated by Ihe Dimensional Measuring Interface 
Standard (DMIS). DM1S is a protoeol fhat permits two-way communication between CAD 
systems and CMMs. Use of the DMIS protoeol has the following advantages [2j: (1) It al- 
lows any CAD system to communicatc with any CMM; (2) it reduces software development 
costs for CMM and CAD companies because only one translator is required to communi- 
cate with the DMIS; (3) users have greater choice in selecting among CMM suppliers; and 
(4) user training rcquirements are reduced. 


23.4.3 Othor CMM Software 

CMM software is the set of programs and procedures (with supporting doeumentation) used 
to operate the CMM and its associated equipment. In addition to part programming soft¬ 
ware used for programming DCC machines, discussed above, other software is also re¬ 
quired lo achieve full functionality of a CMM. Indeed, it is software that has enabled the 
CMM to become the workhorse inspection machine that it is. Additional software can be 
divided into the following categories [2|: (1) core software other than DCC programming, 
(2) post-inspection software, and (3) reverse engineering and application-specific software. 


Core Software Other than DCC Programming. Core software consists of the 
minimum basic programs required for the CMM to funetion, exeluding part programming 
software, which applies only to DCC machines.This software is generally applied either be- 
fore or during the inspection procedure. Core programs normally include the following: 


Probe calibration. This funetion is required to define the parameters of the probe 
(such as tip radius, tip positions for a multi-tip probe, and elastic bending coefficients 
of the probe) so that coordinate measurements can be automatically compensated for 
the probe dimensions when the tip contacts the part surface, avoiding the necessity 
to perform probe tip calculations as in Example 23.1. Calibration is usually accom¬ 
plished by causing the probe to contact a cube or sphere of known dimensions. 

Part coordinate system definition. This software permits measurements of the part 
to be made without requiring a time-consuming part alignment procedure on the 
CMM worktable. Instead of physically aligning the part to the CMM axes, the mea¬ 
surement axes are mathematically aligned relative to the part. 
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• Geometric feature constructlon. This software addresses the problems associated 
with geometric features whose evaluation requires more than one point measure- 
ment.These features include flatness, squareness, determining the center of a hole or 
the axis of a cylinder, and so on.The software integrates the multiple measurements 
so that a given geometric feature can be evaluated. Table 23.4 lists a number of the 
common geometric features, indicating how the features might be assessed by the 
CMM software. Examplcs 23.2 and 23.3 illustrate the application of two of the fea¬ 
ture evaluation techniques. For inereased statistical reliability, it is common to mea- 
sure more than the theoretically minimum number of points needed to assess the 
feature and to use curve-fitting algorithms (such as least squares) in calculating the 
besl estimatc of the geometric feature's parameters. A review of CMM form-fitting 
algorithms is presented in Lin et al. [13]. 

• Tolerance analysis. I bis software allows measurements taken on the part to be com- 
pared to the dimensioas and tolerances specified on the engineering drawing. 

TABLE 23.4 Geometric Features Requiring Multiple Point Measurements to Evaluate—Subroutines for 
Evaluating These Features Are Commonly Available Among CMM Software 

Dimensions A dimension of a part can be determined by taking the difference between the two surfaces 
defining the dimension. Theiwosurtaces can De defined by a point location on each surface. In two 
axes (x-y), the distance L between two point locations (x,, y,) and (x 2 , y 2 ) is given by 

L - ± V(„ -»,)■ + (2331 

In three axes (x-y-z), the distance L between two point locations (x„ y t .z,) and (x } , y 2 , z 2 ) is given by 

L - ±V(„ - *,)• + fc - y,f + il, - !,)’ 1234) 

SeeExample 23.1. 

Hole location and diameter. By measuring three points around the surface of a circular hole, the 
"best-fit" center coordinates (a, b) o (the hole and its radius ff can be computed. The 
diameter = twice the radius. In the x-y plane, thecoordinate values of the three point locations are 
used in the following equation for a circle to set up three equations with three unknowns: 

(x - fl) J + (y- b) 2 = ff* (23.5) 

where a = x-coordlnare of the hole center, b = y-coordinate of the hole circle, and fl = radius of the 
hole circle. Solving the three equations yields the values of a, b, and ff. D = 2 fl. Sae Example 23.2. 

Cylinder axis and diametar. This is similar to the preceding problem except that the calculation deals 
with an outside surface rather than an internal (hole) surface. 

Sphere centør and diameter. By measuring four points on the surface of a sphere, the best-fit center 
coordinates (s, b, c) and the radius ft (diameter D = 2 fl) can be calculated. The coordinate values 
of the four point locations are used in the following equation for a sphere to set up four equations 
with four unknowns: 

(x- a)* + (y- b) 2 + (*- c) 2 = fl* (23.6) 

where s = x-coordinate of the sphere, b = y-coordinate of the sphere, c = z-coordinate of the sphere, 
and ft = radius of the sphere. Solving the four equations yields the values of a. b, c, and fl. 

Definition of a line in x-y plane. Based on a minimum of two contact points on the line, the best-fit line 
is determiner). For example, the line might be tho edge of a straight surface. The coordinate values 
of the two point locations are used in the following equation for a line to set up two equations with 
two unknowns: 


leen tin ued on nøxt page/ 
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TABLE 23.4 Continued 
x + Ay + S - 0 


(23.7) 


where A is a parameter indicating the slope of the line in the y-axis direction and B is a constant 
indicating the x-axis intercept. Solving the two equations yields the values of A and B, which defines 
the line. This form of equation can be converted into the more familiar conventional equation of a 
straight line, which is 


y mx + b (23.8) 

where slope m = -1/A and y'-intercept b = -B/A. 

Angle between two lines. 8ased on the conventional form equations of the two lines, that is, Eq. 

(23.8), the angle between the two lines relative to the positive x-axis is given by: 


Angle between line 1 and line 2 - a-fi (23.9) 

where « ten ’(m,J, where m, = slope of line 1; and 8 = tan"’(m 2 ), where m 2 = slope o( line 2. 


Definition of a plane. Based on a minimum of three contact points on s plane surface, the best-fit plane 
is determined. The coordinate values of the three point locations are used in thefollowing 
equation for a plane to set up three equations with three unknowns: 

x - Ay t Bz + C = 0 (23.10) 

where A and B are parameters indicating the slopes of the plane in the y and z-axis directions, and 
Cis a constant indicating the x-axis intercept. Solving the three equations yields the values of A, 

B, and C, which defines the plane. 

Flatness. By measuring more than three contact points on a supposedly plane surface. the deviation of 
the surface from a perfect plane can be determined. 

Angle between two planes. The angle between two planes can be found by defining each of two 
planes using the plane definition method above and calculating the angle between them. 

Parallelism between two planes. This is an extension of the previous function. If the angle between 
two planes is zero, then tha planes are parallel. The degree to which the planes deviate from 
parallelism can be determined. 

Angle and point of intersection between two lines. Given two lines known to intersect (e.g., two edges 
of a part that meet in a corner), the point of intersection and the angle between the lines can be 
determined based on two points measured for each line la total offour points). 


EXAMPLE 23.2 Computing a Linear Dimension 

The coordinates at the two cnds of a certain length dimension of a machined 
component have been measured by a CMM.The coordinates of the first end are 
(23.47,48.11,0.25), and the coordinates of the opposite end are (73.52.21.70, 
60.38). where the units are millimeters. The given coordinates have been cor- 
rectedfor probe radius. Determine the length dimension that would be com- 
puted by the CMM software. 

Solution: Using Eq. (23.4) in Table 23.4, we have 

L = V(23.47 - 73.52j 2 + (48.11 - 21.70) 2 + (0.25 - 60.38) 2 
= v’(—50.05) J + (26.41 f + <—60.13) 2 

=■ V2505.0025 + 697.4881 +"3615.6169 = V6818T 075 - 82^7 mm 
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EXAMPLE 23.3 Determining the Center and Diameter of a Drilled Hole 

Three point locations on the surface of a drilled hole have been measured by a 
CMM in the x-y axes. The three coordinates are: (34.41,21.07), (55.19,30.50), 
and (50.10,13.18) mm. The given coordinates have been corrected for probe 
radius. Detennine: (a) coordinates of the hole center and (b) hole diameter, as 
they would be computed by the CMM software. 

Solution: To delermine the coordinates of the hole center, we must establish three equa- 


tions pattemed after Eq. (23.5) in Table 23.4: 

(34.41 - a) 2 + (21.07 - bf = R 2 (i) 

(55.19 - af + (30.50 ~ bf = R 2 (ii) 

(50.11) — a) J + (13.18 - bf — X? (iii) 

Expanding each of the equations. we have: 

1184.0481 - 68.82a + <r + 443.9449 - 42.14b + b 2 = R 2 (i) 

3045.9361 - 110.38a + a 2 + 930.25 - 61b + fr * R 2 (ii) 

2510.01 - 100.2a + n 2 + 173.7124 - 26.36b + b 2 = P 2 (iii) 

Setting Eq. (i) = Eq. (ii): 

1184.0481 - 68.82a + a*’ + 443.9449 - 42.14b + b 2 = 

3045.9361 - 110.38a + a 2 + 930.25 - 61b + b 2 (iv) 

1627.993 - 68.82 a - 42.14b = 3976.1861 - 110.38a - 61b 
- 2348.1931 + 41.56a + 18.86b = 0 
18.86b - 2348.1931 + 41.56a 
b = 124.5065 - 2.2U36a (iv) 

Now setting Eq. (ii) = Eq. (iii): 

3045.9361 - 11().38a +■ a 2 + 930.25 - 61b r b 2 - 
2510.01 - 100.2a + a 2 + 173.7124 - 26-36 b + b 2 (v) 

3976.1861 - 110.38a - 61b = 2683.7224 - 100.2a - 26.36b 
1292.4637 - 10.18a - 34.64b = 0 
10.18a = 1292.4637 - 34.64b 
a = 126.9611 - 3.4027b (v) 

Substituting Eq. (iv) for b: 

a = 126.9611 - 3.4027(124.5065 - 2.2036a) 
a = 126.9611 - 423.6645 + 7.4983a 
6.4983a - 296.7034 « = 45.6586 -> 45.66 

The value of a can now be substituted into Eq. (iv): 
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h = 124.5065 - 2.2036(45.6586) h = 23.8932 -»■ 23.89 
Now using the values of <t and b in Rq. (i) to find R (Eqs. (ii) and (iii) could also 
be used). we have: 

R 1 = (34.41 - 45 .6586)’ + (211)7 - 23.8932f 

= (-11.2486) : + (-2.8232) 3 = 126.531 + 7.970 = 134.501 
R = V 134.501 = 11.60 mm D = 23.20 mm 


Post-lnspection Software. Post-inspection softHare is composed of the set of pro¬ 
grams that are applied after the inspection procedure. Such software often adds significant 
Utility and value to the inspection function. Among the programs included in this group are 
the following: 

• Slatistical analysis. This software is used to carry out any of various statistical analy¬ 
ses on the data collected by the CMM. Forexample. part dimension data can be used 
to assess process capability (Section 21.1.2) of the associated manufacturing process 
or for slatistical process control (Sections 21.2 and 21.3).TVvo alternative approach¬ 
es have been adopted by CMM makers in this area. The first approach is to provide 
software thatereates a database of the measurements taken and facilitatcs exporting 
of the database to other software packagcs. What makes this feasible is that the data 
collected by a CMM are alrcady coded in digital form. This approach permits the 
user to select among many statistical analysis packages that are commercially avail- 
ab!e.The second approach is to include a statistical analysis program among the soft¬ 
ware supplied by the CMM builder. This approach is generally quicker and easier.but 
the range of analyses available is not as great. 

• Graphical data representat ion.The purpose of this software is to display the data col- 
lectcd during the CMM procedure in a graphical or pictorial way, thus permitting 
easier visualization of form errors and other data by the user. 

Reverse Engineering and Application-Specitic Software. Revene engineering 
software is designed to take an existing physical part and construct a computer model of 
the part geometry based on a large number of measurements of its surface by a CMM. 
This is currently a developing area in CMM and CAD software.The simplest approach is 
to use the CMM in the manual mode of operation, in which the operator moves the probe 
by hånd and scans the physical part to create a digitized three-dimensional (3-D) surface 
model. Manual digitization can be quite lime-consuming for complex part geometries. 
More automa'.ed methods are bcingdeveloped.in which the CMM explores the part sur- 
faces with little or no human intervention to construct the 3-D model. The challenge here 
is to minimize the exploration time of the CMM. yet capture the details of a complex sur¬ 
face contour and avoid collisions thal would damage the probe. In this context. it should 
be mentioned that significant potential exists for using noncontacling probes (such as 
lasers) in reverse engineering applications. 

Appiication-specific software refers to programs written for certain types of paits 
and/or products and whose applications are generally limited to specific industries. Sever- 
al important examples are [2], (3J: 
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• Gear checking. These programs are used on a CMM to measure the geometric fea¬ 
tures of a gear. such as tooth profile, tooth thickness, pitch, and helix angle. 

• Thread checking. These are used for inspection of cylindrical and conical threads. 

• Cam checking. This specialized software is used to evaluate the accuracy of physical 
cams relative to design specifications. 

• Automobile body checking. This software is designed for CMMs used to measure 
sheel metal panels, subasscmblies, and complete car bodies in the automotive indus- 
try. Unique measurement issues arise in this application that distinguish it from the 
measurenicnt of machined parts.These issues include: (1) large sheet metal panels lack 
rigiditv, (2) compound curved surfaces are common, (3) surface definition cannot be 
determined without a gTeal nutnber of measured points. 

Also induded in the category of application-specific software are programs to operate ac- 
cessory equipment associated with the CMM. Examples of accessory equipment requiring 
its own application software include: probe changers. rolary worktables used on the CMM, 
and automatic part loading and unloading devices. 

23.4.4 CMM Applications and Benefrts 

Many of the applications of CMMs have been suggested by our previous discussion of CMM 
software. The most common applications are off line inspection and on-line/post-process 
inspection (Section 22.4.1). Machined components are frequently inspected using CMMs. 
One common application is to check the first part machined on a numerically controlled ma- 
chine tool. If the first part passes inspection, then the remaining parts produced in the batch 
are assumed to be identical to the first. Gears and automobile bodies are two examples pre- 
viously mentioned in the context of application-specific software (Section 23.4.3). 

[nspcction of parts and assemblies on a CMM is generally accomplished using sam¬ 
pling techniques. CMMs are sometimes used for 100% inspection if the inspection cycle is 
compatible with the production cycle (it often takes less time to produce a part than it does 
to inspect it) and the CMM can be dedicated to the proccss. Whether used for 100% in¬ 
spection or sampling inspection, the CMM measurements are frequently used for statisti- 
cal process control. 

Other CMM applications include audit inspection and calibration of gages and fix- 
tures. Audit inspection refers to the inspection of incoming parts from a vendor to ensure 
that the vendor’s quality control systems are reliable. This is usually done on a sampling 
basis. In effect, this application is the same as post-process inspection. Gage andftxture cal¬ 
ibration involves the measurement of various gages, fixtures, and other inspection and pro¬ 
duction tooling to validate their continued use. 

One of the factors thal makes a CMM so useful is its accuracy and repeatability.Typ- 
ical values of these measures are given in Table 23.5 for a moving bridge CMM. It can be 
seen that these performance measures degrade as the size of the machine increases. 

Coordinate measuring machines are most appropriate for applications possessing 
the following characteristics (summarized in the checklist of Table 23.6 for potential users 
to evaluate their inspection operations in terms of CMM suitability): 

1. Many inspcctors performing repctitive manual inspection operations. If the inspec¬ 
tion function represents a significant labor cost to the plant, then automating the in¬ 
spection procedures will reduce labor cost and increase throughput. 
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TABLE 23.5 Typical Accuracy and Repeatability Measures for Two Different Sizes of 
CMM; Data Apply to a Moving Bridge CMM 


CMM Festure 


Small CMM 

Large CMM 

Measuring range: 

X 

650 mm (25.6 in) 

900 mrr 

i (35.4 in) 


y 

600 mm (23.6 in) 

1200 mi 

-n (47.2 in) 


2 

500 mm (19.7 in) 

850 mrr 

i (33.5 in) 

Accuracy. 

X 

0.004 n 

nm (0.00016 in) 

0.006 m 

m <0.00024 in) 


y 

0.004 n 

nm (0.00016 in) 

0.007 m 

m (0.00027 in) 


z 

0.0035 

mm (0.00014 in) 

0.0065 r 

nm (0.00026 in) 

Repeatability 


0.0035 mm (0.00014 in) 

0.004 m 

m (0.00016 in) 

Resolution 


0.0005 

mm (0.00002 in) 

0.0005 r 

nm (0.00002 in) 


Source: !3L 


TABLE 23.6 Checklist to Determine Suitability of CMMs for Potential Applications—The 
More Check Marks in the YES Column, the More I ikely That CMM 
Technology Is Appropriate 


Inspection Characteristic 

NO (Few or No 
Applications 

YES (Many 
ApplicationsI 

1. Many inspectors performing repetitive manual 
inspection operations. 



2. Post-process inspection. 



3. Measurenent of geometric features requiring 
multiple contact points. 



4. Multiple inspection setups are required if parts 
are manually inspected. 



5. Complex part geometry. 



6. High varietv of parts to be 
inspected- 



7. Repeat orders. 



Total check marks in each column. 




2. Post-process inspection. CMMs are applicable only to inspection operations per- 
formed aftcr the manufacturing process. 

3. Measurement of geometric features requiring multiple contact points. These kinds 
of features arc identified in Table 23.4, and available CMM software facilitates eval- 
uation of these features. 

4. Multiple inspection setups are required tf parts are manually inspected. Manual in- 
spections are generally performed on surface plates using gage blocks, height gages, 
and similar device s, and a different setup is often required for each measurement. 
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The same group of measurements on the part can usually be accomplished in one 
setup on a CMM. 

5. Complex part geometry. If many measurements are to be made on a complex part, 
and many contact locations are required, then the cycle time of a DCC CMM will be 
significantly less than ihe corresponding time for a manual procedure. 

6. IUgh variety of parts to be inspected. A DCC CMM 1$ a prngrammable machine, ca- 
pable of dealing with high parts variety. 

7. Repeat orden. Using a DCC CMM, once the part program has been prepared for the 
first part.subsequent parts from repeat orders can be inspected using the same program, 

When applied in the appropriate parts quantity-parts variety range, the advantages 
of using CMMs over manual inspection methods are [17]: 

• Reduced inspection cycle time. Because of the automated techniques included in the 
operation of a CMM, inspection procedures are speeded and labor productivity is 
improved. A DCC CMM is capable of accomplishing many of the measurement tasks 
listed in Table 23.4 in one-tenlh the lime or less, compared with manual techniques. 
Reduced inspection cycle time translates into higher throughput. 

• Flexibility. A CMM is a general-purpose machine that can be used to inspect a va¬ 
riety of different part conligurations with minimal ch angeover time. In the case of the 
DCC machine, where programming is performed off-line, changeover time on the 
CMM involves only the physical setup. 

• Reduced operator errors. Automating the inspection procedure has the obvious ef- 
feet ot reducing human errors in measurements and setups. 

• Greater inherent accuracy andprecislon.A CMM is inherently more accurate and pre- 
cise than the manual surface plate methods that are traditionally used for inspection. 

• Avoidance of multiple refupr. Traditional inspeclion techniques often reqoire mul¬ 
tiple setups to measure multiple part features and dimensions In general, all mea¬ 
surements can be made in a single setup on a CMM, thereby inereasing throughput 
and measurement accuracy. 

The technology of CMMs has spawned other contact inspection methods We discuss two 
of these extensions in the following Sections: flexible inspection systems and inspection probes. 

23.4.5 Flexible Inspection Systems 

A flexibie inspection system (FIS) takes the versatihty of the CMM one step further. In con- 
cept, the FIS is related to a CMM in Ihe way a flexible manufacturing system (FMS) is re- 
lated to a machining center. A flexible Inspection system is defined as a highly automated 
inspection workcell consisting of one or more CMMs and other types of inspection equip- 
ment plus the parts handling systems needed to move parts into, within, and out of the cell. 
Robots might be used to accomplish some of the parts-handling tasks in the system. As 
with the FMS, all of the components of the FIS are computer controlled. 

An example ofan FIS at Boeing Aeraspaee Company is reported in Schaffer [19]. As 
illustrated in the layout in Figure 23.7, the system consists of two DCC CMMs, a robotic 
inspection station, an autoraated storage system, and a storage-and-retrieval can that in- 
terconnects the various components of the cell. A staging area for loading and unloading 
pallets into and out of the cell is located immediately outside the FIS. The CMMs in the cell 
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Figure 23.7 Layout plan of flexible inspection system (FIS). 


perform dimensional inspection based on programs prepared off-line. The robotic station 
is equipped with an ultrasonic inspection probe to check skin thickness of hollow wing sec- 
tions for Boeing's aerospace products. 

23.4.6 inspection Probes on Machine Tools 

In recent years there has been a significant growth in the usc of tactile probes as on-line 
inspection systems in machine tool applications. These probes are mounted m toolholders. 
inserted into the machine tool spindle, stored in the tool drum. and håndled by the auto- 
matic tool changer in the same way that cutting tools are håndled. When mounted in the 
spindle, the machine tool is conlrolled very mueh like a CMM. Sensors in the probe de- 
termine when contact has been made with the part surface. Signals from the sensor are 
transmitted by anv of several means (e.g.. dircct clectrical connection, induction-coil, in- 
frared data transmission) to the controller that performs the required data processing to 
interprel and utilize the signal. 

Touch-sensilive probes are sometimes referred to as in-process inspection devices, 
but by our definitions they are on-line/post-process devices (Section 22.4.1) because they 
are employed immediately following the machming operation rather than during cutting. 
However, these probes are sometimes used between machining steps in the same Setup; for 
cxample, to establish a datum reference either before or after initial machining so that sub- 
sequent cuts can be accomplished with greater accuracv. Some of the other calculation fea¬ 
tures ol machine-mounted inspection probes are similar to the capabilities of CMMs with 
computer-assisted data processing. The features include: determining the centerline of a 
cylindrical part or a hole and determining the coordinates of an inside or outside corner. 

One of the controversial aspects of machine-mounted inspection probes is that the 
same machine tool making the part is also performing the inspection.The argument against 
this is that cenain errors inherent in the cutting operation will also be manifested in the mea¬ 
suring operation. For example, if there is misalignment between the machine tool axes, 
thus producing out-of-squarc parts, this condition will not be identified by the machine- 
mounted probe because the movement of the probe is affeeted by the same axis misalign¬ 
ment. To generalize, errors that are common to both the productioii process and the 
measurement procedure will go undetected by a machine-mounted inspection probe. These 
errors include [2]: machine tool geometry errors (such as the axis misalignment problem 
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identified above), thermal distortions in the machine tool axes, and errors in any therrna! 
correction procedures applied to the machine tool. Errors that are not common to both sys¬ 
tems should be detectable by the measurement probe. These measurable errors include 
tool and/or toolholder deflection, workpart deflection, tool offset errors, and effects of tool 
wear on the workpart. In practice, the use of machine-mounted inspection probes has 
proved to be effective in improving quality and saving time as an alternative to expensive 
off-line inspection operations. 


23.5 SURFACE MEASUREMENT 3 

The measurement and inspection technologies discussed in Sections 23.3 and 23.4 are con- 
cerned with evaluating dimensions and related characteristics of a part or product. An- 
other measurable attribute of a part or product is ils surface. The measurement of surfaces 
is usually accomplished by instruments that use a contacting stylus. Hence, surface metrol- 
ogy is most appropriately included within the scope of contact inspection technologies. 

23.5.1 Stylus Instruments 

Stylus-type instruments are commercially available to measure surface roughness. In these 
clectronic devices, a cone-shaped diamond stylus with point radius of about 0.005 mm 
(0.0002 in) and 90° tip angle is traversed across the test surface at a constant slow speed. 
The operation is depicted in Figure 23.8. As the stylus head moves horizontally, it also 
moves vertically to follow the surface deviations.The venical movements are converted irto 
an electronic signal that represents the topography of the surface along the path taken by 
the Stylus.This can be displayed as either: (!) a profile of the surface or (2) an average 
roughness value. 

Profiling devices use a separate flat plane as the nominal reference against which 
deviations are measured. The output is a plot of the surface contour along the line tra¬ 
versed by the Stylus. This type of system can identify roughness, waviness, and other mea- 
sures of the test surface. By traversing successive lines parallel and closely spaced with 
each other, a “topographical map” of the surface can be created. 

Averaging devices rcduce the vertical deviations lo a single value of surface rough¬ 
ness. As illustrated in Figure 23.9, surface roughness is defined as the average of the verti¬ 
cal deviations from the nominal surface over a specified surface length. An arithmetic 
average (AA) is generally used, based on the absolute values of the deviations. In equa- 
tion form, 


f ^L~ dX <23,1I) 

where R„ = arithmetic mean value of roughness (m, in); y = vertical deviation from the 
nominal surface converted to absolute value (m, in);and L = sampling distance, called the 
cutoff length, over which the surface deviations are averaged. The distance L„ in Figur? 23.9 
is the total measurement distance that is traced by the stylus. A stylus-type averaging de¬ 
vice performs Eq. (23.11) electronically. To establish the nominal reference plane, the de- 

5 Portions of this section are based on Groo ver [10], Section 5.2 and 41.4.1. 
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Traversing direction 



Figure 23.8 Sketch illustrating the operation of stylus-type instru¬ 
ment. Stylus head traverses horizontally across surface, while Stylus 
movcs vertically to follow surface profile. Vertical movement is con- 
verted mto either: (1) a profile of the surface or (2) the average 
roughness value (source: [10]). 


Vertiul Aciual profile 

deviations y, of surface 






Nominal surface 


Figure 23.9 Deviations from nominal surface used in the definition 
of surface roughness (source: [10]). 


vice uses skids riding on the aciual surface. The skids act as a mechanical filter to reduce 
the effect of waviness in the surface. 

One of the difficulties in surface roughness measurement is the possibility that wavi¬ 
ness can be included in the measurement of 7?„.To deal with this problem, the cutoff length 
is used as a filter that separates waviness from roughness deviations As defined above, the 
cutoff length is a sampling distance along the surface It can be set at any of several values 
on the measurement device, usually ranging between 0.08 mm (0.0030 in) and 2.5 mm 
(0.10 in). A cutoff length shorter than the waviness width eliminates the vertical deviations 
associated with waviness and only includes those associated with roughness The most com- 
mon cutoff length used in practice is 0.8 mm (0.030 in). The cutoff length should be set at 
a value that is al least 2.5 times the distance between successive roughness peaksThe mea- 
suring length L„ is normally set at about five times the cutoff length. 

An approximation of Eq. (23.11), perhaps easier to visualize, is given by: 


i m 

= —- (23.12) 


where R u has the same meaning as above; y, = vertical deviations identified by the subscript 
i, converted to absolute value (m, in); and n = the number of deviations included in L. We 
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have indicaied the units in these equations to be meters (inches). However. the scale of the 
deviations :s vei\ small, so more appropriate units are microns, which equal 10 4 m or 
10 mm. or microinches, which equal 10 6 in.These are the units commonly used to express 
surface roughness. 

Surfacc roughness suffcrs the same kinds of deficicncies of any single measure used 
to assess a complex physical attribuie. One deficiency is that it fails to account for the lay 
of the surfacc pattcm; thus, surface roughness may vary significantly depending on the di- 
rection in which it is measured. These kinds of issnes are addressed in hooks that deal 
specificalty with surface texture and its charactcrization and measurement. such as [15]. 

23.5.2 Other Surface Measuring Techniques 

Two additional methods for measuring surface roughness and related characteristics are 
available. One isa contact procedure of sorts, while the other is a noncontact method. Wc 
mention them here for completencss of coverage. 

The first technique involves a suhjective comparison of the part surface with standard 
surface finish blocks that are produced to specified roughness values. In the United States, 
these blocks have surfaces with roughness values of 2,4,8,16,32,64, and 128 microinches. 
To cstimatc the roughness of a given test specimen. the surface is compaied lo llic standard 
both visually and by using a “fingernail test." In this test, the user gently scratches the sur¬ 
faces of the specimen and the standard, judging which standard is closest to the specimen. 
Standard test surfaces are a convenient way for a machine operator to obtain an estimate 
of surface roughness. They are also useful for product design engitieers in judging what 
value of surface roughness to specify on the part drawing. The drawback of this method is 
its subjectivity. 

Most other surface measuring instruments employ optical techniques to assess rough¬ 
ness. Tbese techniques are based on light reflectance from the surface, light scatter or dif¬ 
fusion, and laser technology.They are useful in applications where Stylus contact with the 
surface is undesirable. Some of the techniques permit very high speed operation, thus mak- 
ing 100% parts inspection feasible. However, the optical techniques yield values that do 
not always correlate well with roughness measurements made by stylus-type instruments. 


23.6 MACHINE VISION 

Machine vision can be defined as the acquisition of image data. followed by the process¬ 
ing and interpretation of these data by computer for some useful application. Machine vi¬ 
sion (aiso called computer vision, since a digital computer is required to process the image 
data) is a rapidly growing technology,with its principal applications in industrial inspection. 
In this section, we cxamine how machine vision works and its applications in QC inspec¬ 
tion and other areas. 

Vision systems are classified as being either 2-D or 3-D. Two-dimensional systems 
view the scene as a 2-D image.This is quite adequate for most industrial applications, since 
many situations involve a 2-D scene. Examples include dimensional measuring and gag- 
ing, verifying the prcscncc of components, and checking foi features on a flat (or semiflai) 
surface. Other applications require 3-D analysis of the scene, and 3-D vision systems are 
required forthis purpose. Sales of 2-D vision systems outnumber those of 3-D systems by 



Sec. 23.6 / Mach ine Vision 


739 



Figure 23.10 Basic functions of a machine vision system. 


more than ten to one [7], Our discussion will emphasize the simpler 2-D systems, although 
many of the tcchniques used for 2-D are also applicable in 3-D vision work. 

The operation of a machine vision system can be divided into the following three 
functions: (1) image acquisilion and digitization. (2) image processing and analysis, and 
(3) interpretation.These functions and their relationships are illustrated schematically in 
Figure 23.10. 

23.6.1 Image Acquisition and Digitization 

Image acquisition and digitization is accomplished using a video camera and a digitizing sys¬ 
tem to store the image data tor subsequent analysis.The camera is focused on the suhject 
of interest.and an image is obtained by dividing the viewing area into a matrix of discrete 
picture elements (called pixels). in which each element has a value that is proportional to 
the lighi inter.sity ol that portion ol the scene.The intensity value for each pixel is converted 
into itscquiv alent digital value by an ADC (Scction 5.3).The operation of viewing a scene 
consisting ol' a simple objcct that cnntrasts substantially with its background, and dividing 
the scene into a corresponding matrix of picture elements, is depicted in Figure 23.11. 

The figure illustraies the likely image obtained from the simplest type of vision sys¬ 
tem, called a binary vision system. In binary vision, the light intensity of eaclt pixel is ulti- 
mately redueed lo either of iwo vaiues. white or black, depending on whether the light 
intensity exceeds a given threshold level. A more sophisticated vision system is capable ol 
distinguishing and storing different shades of gray in the image. This is called a gray-scale 
syslem. This type of system can determine not only an object’s outline and area charac- 
teristics, but also its surface characteristics such as texture and color. Gray-scale vision sys¬ 
tems typically use 4.6. or 8 bits of memory. Fight bits corresponds to 2 S = 256 intensity 
levels, which is generally more levels than the video camera can really distinguish and cer- 
fainly more chan the human eve can discern. 

Each set of d.gitized pixel vaiues is referred to as a frame. Each frame is stored in a 
computer memory device ca'.led a frame buffer. I he process of reading all the pixel vaiues 







figure 23.11 Dividing the image inlo a matrix of picture elements, 
where each element has a light intensity value corresponding to that 
portion of the image: (a) the scene; (b) 12 X 12 matrix superimposed 
on the scene; and (c) pixel intensity values, either black or white, for 
the scene. 

in a frame is performed with a frequency of 30 times per second (typical in the United 
States, 25 times per second in European vision systems). 

Types of Cameras. TWo types of cameras are used in machine vision applications: 
vidicon cameras (the type used for television) and solid-state cameras. Vidicon cameras 
operate by focusing the image onlo a photoconductive surface and scanning the surface with 
an electron beam to obtain the relative pixel values. Different areas on the photoconduc¬ 
tive surface have different voltage levels corresponding to the light intensities striking the 
areas. The electron beam follows a well-defined scanning pattern, in effeet dividing the 
surface into a large number of horizontal lines, and reading the lines from top-(o-bottom. 
Each line is in tum divided into a series of points.The number of points on each line, mul- 
tiplied by the number of lines, gives the dimensions of the pixel matrix shown in Figure 
23.11. During the scanning process, the electron beam reads the voltage level of each pixel. 

Solid-state cameras operate by focusing the image onto a 2-D array of very small, 
finely spaced photosensitive elements.The photosensitive elements form the matrix of pix- 
els shown in Figure 23.11. An electrical charge is generated by each elemem according to 
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ihe intensity of lighi striking thc element. The charge is accumulated in a storage device con- 
sisting of an array of storage elements corresponding one-to-one with the photosensitivc 
picturc clemems.These charge valnes are read sequentially in ihe data processing and 
analysis funciion of machine vision. 

Comparing thc vidicon camera and solid-state camera. the latter possesses several ad- 
vantages in industrial applications. It is physically smaller and more rugged, und thc image 
produced is more stable. The vidicon camera suffers from distortion that occurs in the 
image of a fasl-moving object because of the time lapse associated with the scanning elec- 
iron beam as it reads the pixel levels on the photoconductive surface.The relative advan- 
tages of the solid-state cameras have resufted in the growing dominance of their use in 
machine vision systems.Types of solid-state cameras indude: (i) charge-coupled-devicc 
(CCD). 1,2) charge-injected device (CID), and (3) charge-priming device (CPD). These 
types are compared in [8]. 

Tvpical square pixel arrays are 256 x 256.512 x 512, and 1024 x 1024 picture ele¬ 
ments. Other arrays include 240 X 320. 500 X 582, and 1035 x 1320 pixels |24].The 
resolution of the vision system is its ahility to sense fine details and features in the image. 
Resolution depends on thc number i>f picture elements used; the more pixels designed 
into the vision system, the higher its resolution. However, the cost of the camera inereas- 
es as thc number of pixels is inereased. Even more important, Ihe time rcquired to se¬ 
quentially read the picture elements and process the data inereases as the number of pixels 
grows. The following example illustrates the problem. 

EXAMPLE 23.4 Machine Vision 

A video camera has a 512 x 512 pixel matrix. Each pixel must be converted 
from an analog signal to the corresponding digital signal by an ADC. The ana- 
log-to-digital conversion process takes 0.1 microseconds (0.1 X 10‘ 6 sec) lo com- 
pletc. including the time to move belween pixels. How long will it take to collec! 
the image data for one frame, and is this time compatible with processing at the 
rate of 30 frames per second? 

Solution: Therc are 512 X 512 = 262.144 pixels to be scanned and converted.The total 
time to completc the analog-to-digital conversion process is 
(262,144 pixels)(0.I x HT 6 sec) = 0.0262 sec 
At a processing rate of 30 frames per second, the processing time for each frame 
is 0.0333 sec, which is significantly longer than the 0.0262 sec required to per- 
form the 262,144 analog-to-digital conversions. 


Illumination. Another important aspect of machine vision is illumination. The 
scene viewed by the vision camera ntust be well illuminated, and thc illumination must be 
constant over time.This almost always requires that special lighting be installed for a ina- 
chinc vision application rather than rely on ambient lighting in the facility. 

Five categorics of lighting can be distinguished for machine vision applications, as 
depicted in Figure 23.12: (a) front lighting, (b) back lighting, (c) side lighting,(d) structured 
lighting, and (e) strobe lighting. These categorics represent differences in the positions of 
thc light source relative to the camera as mueh as they do differences in lighting tech- 
nologies.The lighting technologies include incandescent lamps, fluorcscent lamps, sodium 
vapor lamps. and lasers. 
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Fl^urc 23.12 Types of illumination in machine vision: (a) front light- 
ing. (b) back lighting. (c) side lighting, (d) struciured lighting usmg 
a planar sheel of lighi. and (e) strobe lighting. 
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In front lighting. the lighi source is located on the same side of the objecl as the cam¬ 
era. This producesa reflected lighi from the object thal allows inspcetion of surface features 
such as printing on a label and surface patterns such as solder lines on a printed Circuit 
board. In bark lighting. the light source is placcd behind the object being viewed by the cam- 
era-This crcatcs a dark silhouette of the object that contrasts sharply with the light back- 
ground.This type of lighting can be used for binary vision systems to inspect for part 
dimensions and lo distinguish betwecn different part outlines. Side lighting causes irregu- 
larities in an otherwise plane smooth surface to cast shadows that can be identified by the 
vision system. This can be used to inspect for defects and flaws in the surface of an object. 

Structured lighting involves the projection of a special light pattern onto the object 
to enhance certain geomctric features. Probably the most common structured light pat¬ 
tern is a planar sheet of highly focused light directed against the surface of the object at a 
ccrtain known angle, as in Ftgurc 23.12(d). The shcct of light forms a bright line where the 
beam intersects the surface. In our sketch, the vision camera is positioned with ils line of 
sight perpendicular to the surface of the object. so that any variations from the general 
plane of the part appear as deviations from a straight line.The distance of the deviation can 
bc determined by Optical measureinent, and the corresponding elevation differences can 
be calculated using trigonometry. 

In strobe lighting, the scene is illuminated by a short pulse of high-inlensity light. 
which causes a moving object to appear stationary. The moving object might be a part mov- 
ing past the vision camera on a conveyor. The pulse of light can last 5-500 microscconds 
[8).This is sufficient time for the camera to capture the scene, although the camera actua- 
tion must be synchronized with that of the strobe light. 


23.6.2 image Processing and Analysis 

The second funetion in the operation of a machine vision system is image processing and 
analysis. As indicated by Example 23.4, the amount of data that must be processcd is sig- 
nificant. The data for each frame must be analyzed within the time required to complete 
one scan (1 /30 sec). A number of techniques have been developed for analyzing the image 
data in a machine vision system. One category of techniques in image processing and analy¬ 
ses iscallerl segmentation. Segmentation techniques are imended to define and separate re 
gions of interest within Ihe image. Ttoo of the common segmentation techniques are 
thresholding and edge detection. Thresholding involves the con version of each pixel in- 
tensity level into a binary value, representing etther white or black. This is done by com- 
paring the intensity value of each pixel with a defined threshold value If the pixel value is 
greater than the threshold, it is given the binary bit value of white, say 1; if less than the de- 
fined threshold, then it is given the bit value of black, say 0. Reducing the image to binary 
form by means of thresholding usually simplifies the subsequent problem of defining and 
identifyingobjectsin the image. Edge detection is concerned with determining the location 
of boundarics between an object and its surroundings in an image. This is accomplished by 
identifying the contrast in light intensity that exists between adj acent pixels at the horders 
of the object. A number of software algorithms have been developed for following the bor¬ 
der around the object. 

Another set of techniques in image processing and analysis that normally follows 
segmentation is feature extraction. Most machine vision systems charactcrize an object in 
the image by means of the object’s features. Some of the features of an object include the 
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object's area, length, widih, diameter, perimeter, center of gravity. and aspect ratio. Fea¬ 
ture extrdetion methods are designed to determine these features based on the area and 
boundaries of the object (using thresholding, edge detection, and other segmentation tech- 
niques). For example. the area of the object can be determined by counting the number of 
white (or black) pixels that make up the object. Its length can be found by measuring the 
distance (in terms of pixels) between the two extreme opposite edges of the part. 

23.6.3 Interpretation 

For any given application, the image must be interpreted based on the extracted features. 
T he interpretation funetion is usually coneerned with recognizing the object,a task termed 
object recognition or patten recognition. The objective in these tasks is to identify the ob¬ 
ject in the image by compariiig it willt predefined models or standard values. Two com- 
monly used interpretation techniques are template matching and feature weighting. 
Template matching is the name given to various methods that attempt to compare one or 
more features of an image with the corresponding features of a model or template stored 
in computer memory. The most basic template matching technique is one in which the 
image is compared. pixel by pixel, with a corresponding computer model. Within certain sta- 
tistical tolerances, the computer determines whether the image matches the template. One 
of the tcchnical difficulties with this method is the problem of aligning the part in the same 
position and oricnlation in front of the camera. to allow the comparison to bc made with- 
out complications in image processing. 

Feature weighting is a technique in which several features (e.g., area, length, and 
perimeter) are combined into a single mcasure by assigning a weight to each feature ac- 
cording to its relative importance in identifying the object. The score of the object in the 
image is compared with the score of an ideal object residing in computer memory to achieve 
proper identification. 

23.6.4 Machine Vision Applications 

The reason for inlerprcting the image is to accomplish some practical objective in an ap¬ 
plication. Machine vision applications in manufacturing divide into three categories: (1) in¬ 
spection, (2) identification. and (3) visual guidance and control. 

Inspection. By far, quality control inspection is the biggest category. Estimates are 
that inspection constitutes about 809£ of machine vision applications [22]. Machine vision 
installations in industry perform a variety of automaled inspection tasks, most of which are 
either on-line/in-process or on-line/post-process.The applications are almost always in mass 
production where the lime required to program and set up the vision system can be spread 
over many thousands of units, lypical industrial inspection tasks include the following: 

• Dimensional measurement. These applications involve determining the size of cer¬ 
tain dimensional features of parts or products usually moving at relatively high speeds 
on a moving conveyor. The machine vision system must compare the features (di¬ 
mensions) with the corresponding features of a computer-stored model and determine 
the size value. 

• Dimensional gaging. This is similar lo the preceding except that a gaging funetion 
rather than a measurement is performed. 
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• Verification of the presence of components in an asscmblcd product. Machinc vision 
has proved Lo be an important element in flcxiblc automated asse mb ly syslems. 

• Verification of hole location and number of holes in a part. Operationally, this task 
is simiiar todimensional measurement and verification nfeomponents. 

• Detection of sutface fiaws and defeets. Haws and defeets on the surface of a part or 
mate rial often reveal themselves as a changc in reflecied light. The vision system can 
iden ti ly the deviation from an ideal model of the surface. 

• Detection tf fiaws in a printed lahel. The defeet can be in the form of a poorly lo- 
cated label or poorly prinled text. numbering. or graphics on the label. 

All of the prcccding inspection applications can bo accomplished using 2-D vision systems. 
Certain applications requirc 3-D vision, such as scanning the contour of a surface, inspecting 
cutting tools to check for breakage and wear, and checking solder paste deposils on sur¬ 
face mount Circuit boards. 1 hree-dimensional systems arc being used inereasingly in the au- 
lomotivc ineustry to inspect surface comours of parts such as body panels and dashboards. 
Vision inspection can be accomplished at mueh higher speeds than the traditional method 
of inspecting these components, which involves the use of CMMs. 

Othor Machina Vision Applications. Part identification applications are those in 
which the vision system is used to recognize and perhaps distinguish parts or other objccts 
so that some action can be taken.The applications include part sorting. counting different 
types of parts flowing past along a conveyor, and inventory monitoring. Part identification 
can usualty be accomplished hy 2-13 vision systems. Reading of 2-D bar codes and charac¬ 
ter recognition (Sections 12.3.3 and 12.3.4) represent additional identification applications 
performed by 2-D vision systems. 

Visualguidance and controi involves applications in which a vision system is teamed 
with a robot or simiiar machinc to controi the movement of the machinc. Examples of 
these applications include seam tracking in continuous arc welding, part positioning and/or 
reorientation. bin picking, collision avoidance, machining operations, and assembly tasks. 
Most of these applications require 3-D vision. 


23 .7 OTHER OPTICAL INSPECTION METHODS 

Machine vision is a well-publicized technology. perhaps because it is simiiar to one of the 
important human senses. Its potential for applications in industry is very high. However. 
therc are also other Optical sensing techniques that are used for inspection. Our discussion 
in this scction surveys these tcchnologies. The dividing line between machine vision and 
these techniques is sometimes blurred (excuse the pun).The distinetion is that machinc vi¬ 
sion tends to imitate the capabilitics of the human optical sensory system, which includes 
not only the eyes but also the complex interpretive powers of the brain.The reader will note 
that the techniques in this section have a mueh simpler mode of operation. 

Scanning Laser Systems. The unique feature of a laser (laser stands for /ight 
amplification by slimulated emission of radiation) is that it uses a coherent beam of liglu 
that can be projected wilh minimum diffusion. Because of this feature, lasers have been used 
in a number of industria] processing and measuring applications. High-energy laser beams 
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Figure 23.13 Diagram of scanning laser device. 


are used for welding and cutting of materials, and low-energy lasers are utilized in various 
measuring and gaging situations. 

The scanning laser device falis into the latter category. As shown in the diagram of 
Figure 23.13. the scanning laser uses a laser beam that is deflected by a rotating mirror to 
produce a bcam of light that can be focused to sweep past an object. A photodetector on 
the far side of the object senses the light beam except for the time period during the sweep 
when it is interrupted by the object. This time period can be measured with great accura- 
cy and relatcd to the size of the object in the path of the laser beam. The scanning laser beam 
device can complete its measurement in a very short time cycle. Hence, the scheme can be 
applied in high-production on-line/post-process inspection or gaging. A microprocessor 
counts the time interruption of the scanning laser beam as it sweeps past the object. makes 
the conversion from time lo a linear dimension, and signals other equipmcnt to make ad- 
justments in the manufacturing process and/or activate a sortation device on the produc- 
tion line. The applications of the scanning laser technique include rolling miil operations, 
wire extrusion, and machining and grinding processes. 

Linear Array Devices. The operation of a linear array for automated inspection is 
similar in some rcspects to machine vision, except that the pixels are arranged in only one 
dimension rather than two. A schematic diagram showing one possible arrangement of a 
linear array device is presented in Figure 23.14.The device consists of a light source that 
emits a planar sheet of light directed at an object. On the opposite side of the object is a 
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Figure 23,14 Operation of a linear array 
measuring device. 
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Figure 23.15 Principle of Optical 
triangulation sensing. 


linear array of closely spaced photo diodes. Typical numbers of diodes in thc array are 256, 
1024, and 2048 [24].The sheet of light is blocked by the object, and this blocked light is mea- 
sured by the photo diode array to indicate the object's dimension nf intenst. 

The linear array measuring scheme has the advantages of simplicity, accuracy, and 
speed. It has no moving parts and is claimed to possess a resolution as small as 50 mil- 
lionths of an inch [20], It can complete a measurement in a much smaller time cycle than 
either machine vision or the scanning laser beam technique. 

Optical Triangulation Techniques. TYiangulation techniques are based on the 
trigonometric relationshipsof a right triangle. Triangulation is used for range-finding. that 
is, determining the distance or range of an object from two known points. Use of the prin¬ 
ciple in an optical measuring system is explained with reference to Figure 23.15. A light 
source (typicaUy a laser) is used to focus a narrow beam at an object to form a spot of light 
on the object. A linear array of photo diodes or other position-sensitive Optical detector is 
used to determine the location of the spot. The angle A of the beam directed at the object 
is fixed and known and so is the distance L between the light source and the photosensi 
tive detector, Accordingly, the range R of the object from the base line defined by the light 
source and the photosensitive detector in Figure 23.15 can be determined as a function of 
the angle from trigonometric relationships as follows: 

R = Lcot A (23.13) 


23.8 NONCONTACT NONOPTtCAL INSPECTION TECHNIQUES 

In addition to noncontact Optical inspection methods, there are also a variety of nonopti- 
cal techniques used for inspection tasks in manufacturing. Examples include sensor tech¬ 
niques based on electrical fields, radiation, and ultrasonics. This section briefly revjews 
these technologies as they might be used for inspection. 

Electrical Field Techniques. Under certain conditions, an electrical field can be cre- 
ated by an eiectncally active probe. The field is affected by an object in the vicinity of the 
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probe. Examples of eiectrical fields inciude reluctance.capacitance.and inductance.In the 
typical application. the ohject (workpart) is positioned in a defined relation with respect 
to the probe. By measuring the effect of the object on the eiectrical field, an indtrect mea- 
surement or gaging of cerlain part characteristics can be made, such as dimensional features, 
thickness of sheet material. and in somc cases, flaws (cracks and voids below the surfacel 
in the material. 

Radiation Techniques. Radiation techniques utilize X-ray radiation to accomplish 
noncontact inspection procedures on metals and weld-fabricated products.The amount of 
radiation absorbed by the metal objcct can be used to indicate thickness and presence of 
flaws in the metal part or weldcd scction. An example is the use of X-ray inspection tech¬ 
niques to measure thickness of sheet metal made in a rolling mili. The inspection is per- 
formed as an on-line/posl-process procedure, with information from the inspection used to 
make adjustments in the opening between rolis in the rolling miil. 

Ultrasonics Inspection Methods. Ultrasonic techniques make use of very high 
frequency sound (greater than 20.00(1 Hz) for various inspection tasks. Some of the tech¬ 
niques are performed manually, whereas others are automated. One of the aulomated 
methods involves the analysis of ultrasonic waves that are emitted by a probe and reflect- 
ed off the objcct to be inspected. In the setup of the inspection procedure, an ideal test 
part is placcd in front of the probe to obt ain a reflected sound pattern. This sound pattem 
becomes the standard against which production parts are later compared. If the reflected 
pattern from a given production part matches the standard (within an allowable statistical 
variation), the part is considered acceptable; otherwise.it is rcjected- One technical prob¬ 
lem with this tedinique involves the presentation of production parts in front of the probe. 
To avoid extraneous variations in the reflected sound patterns, the parts must always be 
placed in the same position and orientation relative to the probe. 
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PROBLEMS 


Coørdinate Metrology 

Note: For case of computation, numerical values in the following problems are given at a 
lower level of precision than most CMMs would be capable of. 

23.1 The coordinates at the two ends of a certain length dimension have been measured by a 
CMM.The coordinates of Ihe first end are (120.5,50.2,20.2),and the coordinates of theop- 
positeend are (23.1.11.9,20.3), where the units are millimeters. The given coordinates have 
been corrected for probc radius Determine the length dimension that would be computed 
by the CMM software. 

23.2 TVo point locations corrcsponding to a certain length dimension have been measured by a 
CMM in Ihe x-y plane. The coordinates of the first end are (12.511,2.273). and the coordi¬ 
nates of the oppositc end are (4.172,1.985), where the units are incbesThe coordinates have 
been corrected for probe radius. Determine ihe length dimension that would be computed 
by the CMM software. 

23.3 Three point locations on the surface ofa drilled hole have been measured by a CMM in the 
x-y axes.The three coordinates are: (16.42.17.17), (20.20.11.85). and (24.08.16.54), where 
the units are millimeters.These coordinates have been corrected for probe radius Determine: 
(a) the coordinates of the hole center and (b) the hole diameter, as they would be comput¬ 
ed by the CMM software. 
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23,4 Three point locations oa the surface of a cylinder have been measured by a CMM. The 
cylinder is positioned so that its axis is perpendicular to the x-y plane. The three coordi- 
nates in the x-y axes are: (5-242,0.124), (0325,4.811), and (-4.073, -0.544), where the units 
are inches.The coordinates have been corrected for probe radius. Determine: (a) the coor- 
dinates of the cylinder axis and (b) the cylinder diameter, as they would be computed by the 
CMM software. 

233 Two points on a line have been measured by a CMM in the x-y plane. The point locations 
have the following coordinates: (12.257,2.550) and (3.341, -10.294), where the units are 
inches,and the coordinates have been corrected for probe radius. Find the equation for the 
line in the form of Eq. (23.7). 

23.6 TVvo points on a line are measuied by a CMM in the x-y plane. The points have the follow¬ 
ing coordinates: (10034,20.57) and (50.44,60.46), where the units are millimeters. The given 
coordinates have been corrected for probe radius. Determine the equation for the line in the 
form of Eq. (23.7). 

23.7 The coordinates of the intersection of two lines are to be determined using a CMM to de- 
fine the equations for the two lines. The two lines are the edges of a certain machined part. 
and the intersection represents the comer where the two edges meet. Both lines lie in the 
x-y plane. Measurements are in inches. TVco points are measured on the first line to have 
coordinates of (5.254,10.430) and (10.223,6.052).l\vo points are measured on the secord line 
•o have. coordinates of (6.101.0.657) and (R.970. 3.824). The coordinate values have been 
corrected for probe radius, (a) Determine the equations for the two lines in the form of Eq. 
(23.7). (b) What are the coordinates of the intersection of the two lines? (c) The edges rep¬ 
resented by the two lines are specified to be perpendicular to each other. Find the angle be- 
tween the two lines to determine if the edges are perpendicular. 

23.8 TWo of the edges of a rectangular part are represented by two lines in the x-y plane on a 
CMM worktable, as illustrated in Figure P23.8. It is desired to mathematically redefine the 
coordinate system so that the two edges are used as the x- and y-axes, rather than the reg- 
ular x-y axes of the CMM.To define the new coordinate system, two paramaters must be de¬ 
termined: (a) the origin of the new coordinate system must be located in the existing CMM 



Figure P23.8 Overhead view of part relative to CMM axes. 
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axå system, and (b) the angle of the jr-axis of :he new coordinate system must be deter¬ 
mined relative to the CMM _i-axis.Two points on the firsL edge (line 1) have been measured 
by the CMM, and the coordinates are (46.21.22.98) and (90.25,32.50). where the units are 
millimeters Also.two points on the second edge (line 2) have been measured by the CMM 
and the coordinates are (2653.40.75) and (15.64,91.12). The coordinates have beer cor- 
rected for r'ne radius nf the prnhe Find (a) the coordinates of the new origin relative to the 
CMM ongin and (b) degrees of rotation of the new x-axis relative to the CMM x-axis. (c) Are 
Ibe two lines (parr edges) perpendicular? 

23.9 Three point locations on the flat surfacc of a part have been measured by a CMM. The 
three point locations are (225.21.150.23,40.17). (14.24.140.92,38.29), and (12.56,22.75. 
38.02), where the units are millimeters. The coordinates have been corrected forprobe ra¬ 
dius. (a) Determinc the equation for the plane in the torm of Eq. (23.10). (b) To assess flat- 
ness of the surface. a fourth point is measured ty the CMM. If its coordinates are (120.22. 
75.34,39.26). what is the vertical deviation of this point from the perfeetly flat plane deter- 
tnmed in (a)? 
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23.10 A solid-siate camera has a 256 x 256-pixel matrix. The ADC takes 0.20 microseconds 
(0.20 x to - * sec) to conven the analog charge signal for each pixel into the corresponding 
digital signal. If there is no lime loss in switching between pixels, determine the following: 
(a) How mueh lime isrequired to collect the image data for onc frame? (b) Is the time de¬ 
termined in part (a) compatible with the ptoccssing rate of 30 frames per second? 

23.11 The pixel count on ihe photoconducrive surface of a vidicon camera is 500 X 582. Each 
pixel is converted from an analog voltage signal to the corresponding digital signal by an 
ADC.The conversion proccss takes 0.08 microseconds (0.08 x 10~ 6 sec) to complete. In ad¬ 
dition to the ADC proccss. it takes 1.0 microsecond to move from one horisontal line of pix¬ 
els to the one below. Given these times, how long wili it take to collect and convert the image 
data for one frame? Can this be done 30 times per second? 

23.12 A high-resolution solid State camera is to have a 1035 x 1320-pixel matrix. An image pro¬ 
cessing rate of 30 times per second must be achieved, or 0.0333 sec per frame. To aliow for 
time lost in other data processing per frame, the total ADC time per frame must be 80% of 
the 0.0333 sec. or 0.0267 sec.To be compatible with this speed, in what time period must the 
analog-to-digital conversion be accomplished per pixel? 

23.13 A CCD camera system has 512 x 512 picture elements AU pixels are converted sequen- 
tially by an ADC and read into the frame buffer for processing. The machine vision system 
will operatc at the rate of 30 frames per second. However, to aliow time for data processing 
of the contents of the frame buffer, the analog-to-digjtai conversion of all pixels by the ADC 
must be completcd in 1/80 sec. Assuming that 10 nanoseconds (10 x 10" 9 sec.) are lost in 
switching from one pixel to the next. determine the time required to carry out the anaiog- 
Io-digital conversion process for each pixel, in nanoseconds. 

23.14 A scanning laser device, similar In the one shown in Figure 23.13, is to be iised to measure 
the diameter of shafts that are ground in a centerless grinding operation. The part has a di¬ 
ameter of 0.475 m with a tolerance of ±0.002 in.The four-sided mirror of the scanning laser 
beam device rotates at 250 rev/min. The collimating lens focuses 30° of the sweep of the 
mirror into a swath that is 1.000-in wide. It is assumed that the light beam moves at a con- 
stant speed across this swath. The photodetector and timing circuitry is capable of resolving 
time units as fine as 100 nanoseconds (100 x LO - *sec).This resolution should be equivalent 
to no more than 10% of the tolerance band (0.004 in), (a) Determine the inierruption time 
of the scanning laser beam for a part whose diameter is equai to the nominal size. (b) How 
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much of a difference in interruption time is associated with the tolerance of ±0.002 in? (c) Is 
thc resolution of the photodetector and timing circuitry sufficient to achieve the 10% rule 
on the tolerance band? 

23.15 Triangulation computations are to be used to determine the distance of parts moving on a 
conveyor.The Setup of the optical measuring apparatus is as illustrated in the text in Figure 
23.1.S.The angle hetween the bestil and thesurface of the part is 25° Suppose for One given 
part passing on the conveyor the baseline distance is 6.55 in, as measured by the linear pho- 
tosensitive detection system. What is the distance of this part from the baseline? 
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This final part of the book is concemed with manufacturing support systems that operate 
at the enterprise level, as indicated in Figure 24.1. The manufacturing support systems are 
the procedures and systems used by the firm to manage production and solve the techni- 
cal and logistics problems associated with designing the products, planning the processes, 
ordering mate rials. controlling work-in-process as it moves through the plant, and delivering 
products to the customer. Many of these functions can be automated using computer sys¬ 
tems; hence, we have terms iike computer-aided design and computer integrated manu¬ 
facturing Whereas most of the previous automation levels have emphasized the flow of the 
physical product through the factory, the enterprise level is more concemed with the flow 
of information in the factory and throughout the firm. While most of the topics in Part V 
deal with computerized systems, we also describe some systems and procedures that are 
labor intensive in tbeir operation. Examples inciude manual process planning (Section 
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Figure 24.1 The position of the manufacturing support systems in 
the larger production system. 


25.1) and the kanban production control teehnicjuc (Section 267.1). Even the computei- 
automated systems include people. People make the production systems work, 

The present chapter is concemcd with product design and the various technologies 
that are used to amplify and automate the design funetion. CAD/CAM (computer-aided 
design and computer-aided manufacturing) is one of those technologies. CAD/CAM in- 
volves the use of the digital computer to accomplish certain funetions in product design and 
production. CAD is concemed with using the computer to support the design engineering 
funetion, and CAM is concemed with using the computer to support manufacturing engi¬ 
neering activities.The combination of CAD and CAM in the term CAD/CAM is symbol- 
ic of efforts to integrate the design and manufacturing funetions of a firm into a continuum 
of activities rather than to treat them as two separate and disparate activities, as they had 
been considered in the past. CIM (computer integrated manufacturing) includes all of 
CAD/CAM but also embraces the business funetions of a manufacturing firm. CIM im- 
plcments computer technology in all of the operational and information processing activ¬ 
ities related to manufacturing. In the final section of the chapter, we discuss a systematic 
method for approaching a product design project. called quality funetion deployment. 

Chapters 25 and 26 are concemed with topics in production systems and CIM other 
than product design. Chapter 25 deals with process planning and how it can be automat¬ 
ed using computer systema We also discuss ways in which product design and manufac¬ 
turing and other funetions can be integrated using an approach called concurrent 
engineering. An important issue in concuiTent engineering is design for manufacturing-, that 
is, how can a product be designer] to make it easier(and cheaper) to produce? Chapter 26 
discusses the various methods used in the modem practice of production planning and 
control.This includes material requirements planning, shop floor control, and just-in-time 
production. Our final chapter in part V takes a broad view of the manufacturing enter- 
prise by dealing with some contemporary management topics such as lean production and 
agile manufacturing. 
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24.1 PRODUCT DESIGN AND CAD 

Product design is a critical function in the production system. The quality of the product 
design (i.e.. how well the design department does its job) is probably the single most im- 
portant factor in detennining die commercial success and societal value of a product. If the 
product design is poor, no matter how well it is manufactured, the product is very likely 
doomed to contribute little to the wealth and well-being of the firm that produced it. If 
the product design is good, there is still the question of wbether the product can be pro¬ 
duced at sufficiently low cost to contribute to the company's profits and success. One of the 
facts of life about product design is that a very significant portion of the cost of the prod¬ 
uct is determined by its design. Design and manufacturing cannot be separated in the pro- 
duction system. They are bound together functionaily, technologically, and economically. 

Let us begin our discussion of product design by describing the general process of de¬ 
sign. We then examine how computers are used to augment and automate the design process. 

24.1.1 The Design Process 

The general process of design is characterized by Shigley [15] as an iterative process ion- 
sistingofsixphases:(l) recognition of need, (2) problem definition, (3) synthesis, (4) 
analysis and optimization,(5) evaluation.and (6) presentalion.These six steps, and the it¬ 
erative nature of the sequence in which they are performed, are depicted in Figure 24.2(a). 

Recognition of need (1) involves the realization by someone that a problem exists 
for which some corrective action can be taken in the form of a design solution. This recog¬ 
nition might mean identifying some deficiency in a current machine design by an engineer 
or perceivingof some new product opportunity by a salesperson. Problem definition (2) in¬ 
volves a thorough specifkation of the item to be designed. This specificacion includes the 
physical characteristics, function, cost, quality. and operating performance. 

Synthesis (3) and analysis (4) are closely related and highly interactive in the design 
process. Consider the development of a certain product design: Each of the subsystems of 
the product must be conceptualized by the designer, analyzed, improved through this analy¬ 
sis procedure, redesigned, analyzed again, and so on.The process is repeated until the de¬ 
sign has been optimized within the constraints imposed on the designer. The individual 
eornpunents are then synthesized and analyzed into the final product in a similar manner. 

Evaluation (5) is concemed with measuring the design against the specifications es- 
tablishcd in the problem definition phase.This evaluation oflen requires the fabrication and 
testing of a prototype model to assess operating performance. quality, reliability, and other 
criteria.The finai phase in the design procedure is the presentation of the design. Presen- 
tation (6) is concerned with documenting the design by means of drawings, material spec¬ 
ifications, assembly lists, and so on. In essence, documentation means that the design data 
base is created. 

24.1.2 Application of Computers in Design 

Computer-aided design (CAD) is defined as any design activity thal involves the effective 
use of the computer to create, modify, analyze, or document an engineering design. CAD 
is most commonly associated with the use of an interactive computer graphics system, re- 
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Figure 242 (a) Design process as defined by Shigley [15]. (b) The de¬ 
sign process using computer-aided design (CAD). 


ferred lo as a CAD system.The term CAD/CAM system is also used if it supports manu¬ 
facturing as well as design applications. 

There are several good reasons for using a CAD system to support the engineering 
design function [11]: 


•To inerease the productivlty of the designer. This is accomplished by helping the 
designer to conceptualize the product and its components. In tum, this hclps reduce 
the time required by the designer to synthesize, analyze, and document the design. 
To improve the quality of the design. The use of a CAD system with appropriate 
hardware and software capabilities permits the designer to do a more complete en¬ 
gineering analysis and to consider a larger number and variety of design alternatives. 
The quality of the resulting design is thereby improved. 

To improve design doeumentation. The graphical output of a CAD system results in 
better doeumentation of the design than what is practical with manual drafting.The 
engineering drawings are superior, and there is more standardization among the 
drawings, fewer drafttng errors.and greater legibility. 

To create a manufacturing data base. In the process of creating the doeumentation 
for the product design (geometric specification of the product, dimensions of the 
compor.ents, mate rials specifications, bili of materials, etc), mueh of the required data 
base to manufacture the product is also created. 
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TABLE 24.1 Computer-Aided Design Applied to Four of the Shigley 
Design Phases 


Design Phase 

CAD Function 

1. Synthesis 

Geometric modeling 

2. Analysis and optimization 

Engineering analysis 

3. Evaluation 

Design review and evaluation 

4. Presentation 

Automated drafting 


With reference to the six phases of design defined previously, a CAD system can ben- 
cficialiy be used in four of the design phases, as indicated in Table 24.1 and illustrated in 
Figure 24.2(b) as an overtay on the design proccssof Shiglcy. 

Cnometric Modeling Geometric modeling involves the use of a CAD system tn 
devclop a mathematical description of the geometry of an object. The mathematical de- 
scriptton, called a geometric model, is contained in computer memory. This permits Ihc 
user of the CAD system to display an image of the model on a graphics terminal and to per- 
form certain operations on the model. These operations inciude creating new geometric 
models from basic building blocks available in the system, moving the images around on 
the screen, zooming in on certain features of the image, and so forth. These capabilities 
permit the designer to construct a model of a new product (or its components) or to mod- 
ify an existing model. 

There are various types of geometric models used in CAD. One classification distin- 
guishes between two-dimensional (2-D) and three-dimensional (3-D) models. T\vo-dimen- 
sional models are best utiliaed for design problem« in two dimensions, such as flat objectc 
and layouts of buddings. In the first CAD systems developed in the early 1970s, 2-D systems 
were used principally as automated drafting systems.They were often used for 3-D objects, 
and it was left to the designer or draftsman to properly construct the various views of the 
object. Three-dimensional CAD systems are capable of modeling an object in three di¬ 
mensions. The operations and transformations on the model are done by the system in 
three dimensions according to user instructions. This is helpful in conceptualizing the ob¬ 
ject since the true 3-D model can be displayed in various views and from different angles. 

Geometric models in CAD can also be classified as being either wire-frame models 
or solid models. A wire-frame model uses interconnecting lines (straight line segments) to 
depict the object as illustrated in Figure 24.3{a). Wire-frame models of complicated geome¬ 
tries can become somewhat confusing because all of the lines depicting the shape of the ob¬ 
ject are usually shown, even the lines representing the other side of the object. Ttechniques 



(») (b) 

Figure 24.3 (a) Wire-frame model, (b) Solid model of the same ob¬ 
ject. 
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are available for removing tbese so-called bidden lines, but even with this improvement, 
wire-frame representation is still often inadequate. Solid models are a more recent devel- 
opment in geometric modeling. In solid modeling.Figure 24.3{b),an object is modeled in 
solid three dimensions, providing the user with a vision of the object very much like n 
would be secn in real life. More important for engineering purposes, the geometric model 
is stored in the CAD system as a 3-D solid model, thus providing a more accurate repre¬ 
sentation of the object.This is useful for calculating mass properties, in assembly to perform 
interference check ing between mating components, and in other engineering calculations 
Finally. two other features in CAD system models are color and animation. Sonic 
CAD systems have color eapability in addition to black-and-white. The value of color is 
largely to enhance the ability of the user to visualize the object on the graphics screen. 
For example, the various components of an assembly can be displayed in different colors, 
thereby permitting the parts to be more readily distinguished. Animation eapability per- 
mits the operation of mechanisms and other moving objects to be displayed on the graph¬ 
ics monitor. 

Engineering Analysis. After a particular design alternative has been developed, 
some form of engineering analysis often must be performed as part af the design process. 
The analysis may take the form of stress-strain calculations, heat transfer analysis, or dy- 
namic simulation.The coinpuiatkms are often complets and lime consuming,and before the 
advent of the digital computer, these analyses were usually greatly simplified or even omit- 
ted in the design procedure.The availability of software for engineering analysis on a CAD 
system greatly inereases the designer’s ability and willingness to perform a more thorough 
analysis of a proposed design. The term computer^aided engineering (CAE) is often used 
for engineering analyses performed by computer. Examples of engineering analysis soft¬ 
ware in common use on CAD systems include: 

• Mass properties analysis, which involves the computation of such features of a solid 
object as its volume, surface area, weight, and center of gravity. It is especially ap- 
plicable in mechanical design. Prior to CAD, determination of these properties often 
rcquired painstaking and time-consuming calculations by the designer. 

• Inieiference checking. This CAD software examines 2-D geometric models consist- 
ing of multiple components to identify interferences between the components. It is 
useful in analyzing mechanical assemblies, Chemical plants, and similar multicompo- 
nent designs. 

• Tolerance analysis. Software for analyzing the specified tolerances of a product’s 
components is used for the following funetions: (1) to assess how the tolerances may 
affeet the product's funetion and performajice, (2) to determine how tolerances may 
tnfluence the ease or difficulty of assembling the product, and (3) to assess how vari¬ 
ations in component dimensions may affeet the overall size of the assembly. 

• Finlte element analysis. Software for finite element analysis (FEA), also known as 
finite element modeling (FEM), is available for use on CAD systems to aid in stress- 
strain, heat transfer, fluid flow, and other engineering computations. Finite element 
analysis is a numerical analysis technique for determining approximate solutions to 
physical problems described by differential equations that are very difftcult or im- 
possible to solve. In FEA. the physical object is modeled by an assemblage of dis- 
crete incerconnected nodes (finite elements), and the variable of interest (e.g., stress, 
strain, temperature) in each node can be described by relatively simple mathemati- 



Sec. 24.1 / Product Design and CAD 



(b) (b) 

Fil-ure 24.4 Temperature analysis in a cutting tool using finite element analy- 
sis: (a) the physical geometry of the tool and (b) the tool composed of finite el¬ 
ement nodes (For clarity. not all nodes are shown in the drawing; also not shown 
are the internal nodes) 

cal equations. By solving the equations for each node. the distribution of values of the 
variable throughout the physical object is determined. Figure 24.4 illustrates a finite 
element model to analyze temperatures in a cutting tool [10]. 

• Kinematic and dynamic analysis. Kinematic analysis involves the study of the op¬ 
eration of mechanical linkages to analyze their motions. A typical kinematic analy¬ 
sis consists of specifying the motion of one or more driving members of the subject 
linkage. and the resulting motions of the other links are determined by the analysis 
package. Dynamic analysis exiends kinematic analysis by including the effeets of the 
mass of each linkage meinber and the resulting acceleration forces as well as any ex- 
ternally applied forces 

• Discrete-event simulation. This type of simulation is used to model complex opera¬ 
tional systems, such as a manufacturing cell or a material handling system, as events 
occur at discrete moments in time and affeet the status and performance of the sys¬ 
tem. For example, discrete events in the operation of a manufacturing cell include 
parts arriving for processing or a machine breakdown in the cell. Measures of the 
status and performance include whether a given machine in the cell is idle or busy and 
the overall production rate of the cell. Current discrete-event simulation software 
usually includes an animated graphics capability that enhances visualization of the sys- 
tem’s operation. 

Design Evaluation and Review. Design evaluation and review procedures can be 
augmented by CAD. Some of the CAD features that are helpful in evaiuating and re- 
viewing a proposed design include: 
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• Automatic dimensioning routines that determine precise distance measures between 
surf aces on the geometric model identified by the user. 

• Error checking. This tenn refers to CAD algorithms that are used to review the ac- 
curacy and consistency of dimensions and tolerances and to assess whether the prop¬ 
er design doeumentation format has been followed. 

• Animation of discrete-event simulation solutions. Discretc-event simulation was de- 
scribed above in the context of engineering aralysis. Displaying the solution of the dis- 
crete-event simulation in animated graphics is a helpful means of presenting and 
evaluating the solution. Input parameters, probability distributions, and other factors 
can he changed to assess their effeet on the performance of the system being modeled 

• Plant layout design scores. A number of software packages are available for faciii- 
ties design, that is, designing the floor layout and physical arrangement of equipment 
in a tacility. Sonic of these packages provide one or more numerical scores for each 
plant layout design, which allow the user lo assess the merits of the alternative with 
respect to material flow.closeness ratings, and similar factors. 

The traditional procedure in designing a new product includes fabrication of a pro¬ 
totype before approval and release of the product for production The prototype serves as 
the "acid test” of the design, permitting the designer and others to see, feel, operate, and test 
the product for any last-minute changes or enhancements of the design. The problem with 
building a prototype is thal it is traditionally very time consuming; in some cases, months 
are required to make and assemble all of the parts. Motivated by the need to reduce this 
lead time for building the prototype, several new approaches have been developed that 
rely on the use of the geometric model of the product residing in the CAD data file. We men- 
tion two of these approaches herer(l) rapid prototyping and (2) Virtual protolyping. 

Rapid prototyping is a general term applied to a family of fabrication technologies 
that allow engineering prototypes of solid parts to be made in minimum lead time [12]. 
The common feature of the rapid prototyping processes is that they fabricate the part di- 
rectly from the CAD geometric model. This is usually done by dividing the solid object 
into a series of layers of small thickness and then defining the area shape of each layer. For 
example. a vertical cone would be divided into a series of circular la vers, each circle be- 
coming smaller and smaller as the vertex of the cone is approached. The rapid prototyp¬ 
ing processes then fabricate the object by starting at the base and building each layer on 
top of the preceding layer to approximate the solid shape. The fidelity of the approxima- 
tion depends on the thickness of each layer. As layer thickness decreases, accuracy in- 
creases. There are a variety of layer-building processes used in rapid prototyping. The most 
common process,called stereolhhography , uses a photosensitive liquid polymer that cures 
(solidifies) when subjected to intense light. Curing of the polymer is accomplished using a 
moving laser beam whose path for each layer is controlled by means of the CAD model. 
By hardening each layer, one on top of the preceding, a solid polymer prototype of the 
part is built. 

Virtual prototyping. based on Virtual reality technology, involves the use of the CAD 
geometric model to construct a digital mock-up of the product, enabling the designer and 
others to obtain the sensation of the real physical product without actually building the 
physical prototype. Virtual prototyping has been used in the automotive industry to eval- 
uate new carstyle designs. The observer of the Virtual prototype is able to assess the ap- 
pearance of the new designeven though nophysical model is on display. Otherapplications 
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of virtua] prototyping include check ing the feasibility of assembly operations, for example, 
parts maling, access and clearancc of parts during assembly, and assembly sequence. 

Automated Drafting. The fourth area where CAD is useful (step 6 in the design 
process) is presen tation and documcntation. CAD systems can be used as automated draft¬ 
ing rnachincs to prcparc highly accuratc engineering drawings quickly. It is estiniated that 
a CAD system inereases producti vity in the drafting funetion by about fivefold over man¬ 
ual preparation of drawings. 


24.2 CAD SYSTEM HARDWARE 

The hardware for a typical CAD system consists of the following components: (1) one or 
more design workstations, (2) digital computer, (3) plotters, printers, and other output 
devices, and (4) storage devices. The relationship among the components U illustrated in 
Figure 24.5. In addition, the CAD system would have a communication interface to permit 
transmission of data to and from other computer systems, thus enabling some of the ben- 
efits of computer integration. 

Design Workstations. The workstation is the interface between computer and 
user in the CAD system. Itsfunctions are the following: (1) communicate with the CPU. 
(2) continuously generate a graphic image. (3) provide digital descriptions of the image, 
(4) translate user commands into operating funetions, and (5) facililatc interaction between 
the user and the system. 

The design of the CAD workstation and its available features have an important in- 
fluence on the convenience.productivity. and quality of the user’s output. The workstation 
must include a graphics display terminal and a set of user input devices The display terminal 
must be capable of showing both graphics and alphanumeric text. It is the principal means 
by which the system communicates with the user. For optimum graphics display, the mon¬ 
itor should have a large color screen with high resolution. 

The user input devices permit the operator to communicate with the system. To op¬ 
erate the CAD system, the user musl be able to accomplish the following: (1) enler al¬ 
phanumeric data, (2) cutcr commands to the system to perform various graphics operations, 
and (3) control the cursor position on the display screen. To enter alphanumeric data, an 
alphanumeric keyboard is provided. A conventional typewriter-like keyboard allows the 
designer to input numerical and alphabetic characters into the syslem. The alphanumeric 



Figure 24.5 Configuration ofa typical CAD system. 
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keyboard can also be used to enter commands and insfructions to the system. However, 
other input devices accomplish this function more conveniently. Special/u/tcn'on keypads 
have been ceveloped to allow entry of a command in only one or two keystrokes. Thcse 
special keypads have from 10 to 50 function keys, depending on the system. However, each 
key provides more than one function, depending on the combination of keys pressed or 
which software is being used. Another input device for en tering commands lo a CAD sys¬ 
tem is the electronic tablet, an electronically sensitive board on which an instruction set is 
displayed, and commands are entered using a puck or electronic pen. 

Cursor Control permks the operator to position the cursor on the screen to identify 
a location where some function is to be executed. For example, to draw a straight line on 
the screen, the endpoints of the line can be identified by locating the cursor in sequence at 
the two points and giving the command to construct the line.There are various cursor Con¬ 
trol dcvices used in CAD, including pucks, mouses, joysticks, trackballs, thumbwheels, light 
pens, and electronic tablets. An input device for entering coordinates from an existing draw- 
ing into the CAD system is a dlgitlter, which consists of a large flat board and an elec¬ 
tronic tracking element such as a puck that can be moved across the surface of the board 
to record x- and y-coordin»te positions. 

Digital Computer. CAD applications require a digital computer with a high-speed 
central processing unit (CPU), math coprocessor to perform computation-intensive oper¬ 
ations, and large internal memory. Today’s commercial systems have 32-bit processors, 
which permit high-speed cxecution of CAD graphics and engineering analysis applications. 

Several CAD system configurations are available within the general arrangement 
shown in Figure 24.5. Let us identify three principal configurations, illustratcd in Figure 
24.6: (a) host and terminal, (b) engineering workstation, and (c) CAD system based on a 
personal computer (PC). 

The host and terminal was the original CAD configuration in the 1970s and early 
1980s when the technology was firsl developing. For many years, it was the only configu¬ 
ration available. In this arrangement, a large mainframe computer or a minicomputer serves 
as the host for one or more graphics terminals.Thesé systems were expensive, each instal¬ 
lation typically representing an investment of a million dollars or more. The powerful mi- 
croprocessors and high-density memory devices that are so common today were not 
available al that time.The only woy to mcct the computational requirements for graphics 
processing and related CAD applications was to use a mainframe connected to multiple ter¬ 
minals operating on a time-sharing basis. Host and terminal CAD systems are still used 
today in the automotive industry and other Industries in which it is deemed necessary to 
operate a large central database. 

An engineering workstation is a stand-alone computer system that is dedicated to one 
user and capable of executing graphics software and other programs requiring high-speed 
computational power.The graphics display is a high-resolution monitor with a large screen. 
As shown in our figure, engineering workstations are often networked to permit exchange 
of data files and programs between users and to share plotters and data storage devices. 

A PC-based CAD system is a PC with a high-performance CPU and medium-to-high 
resolution graphics display screen. The computer is equipped with a large random access 
memory (RAM), math coprocessor, and large-capacity hard disk for storage of the large ap- 
plications software packages used for CAD. PC-based CAD systems can be networked to 
share files, output devices, and for other purposes. Starting around 1996. CAD software de¬ 
velopers began offering products that utilize the excellent graphics environment of Microsoft 
Windows NT™ [13], thus enhancing the popularity and familiarity of PC-based CAD. 
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Figure 24.6 Three CAD system configurations: {a) host and termi¬ 
nal, (b) engineering workstation, and (c) CAD system based on a 
PC. 


When the engineering workstation is compared with the PC based system, the for¬ 
mer is superior in terms of most perfortnance criteria. Its capacity to efficiently accomplish 
3-D geometric modeling and execute other advaneed software exceeds that of a PC, and 
this makes the workstation more responsive and interactive than a PC-based CAD sys¬ 
tem. However, the performance characteristics of PCs are improving each year, and the 
prices of engineering workstations are dropping each year, so that the distinetion between 
the two types is becoming blurred. 

Plotters and Printers. The CRT display is often the only output device physical- 
ly located at the CAD workstation. There is a need to doeument the design on paper. The 
peripherals of the CAD system include one or more output devices for this purpose. Among 
these output devices are the following: 

• Pen plotters. These are x-y plotters of various types used to produce high aceuracy 
line dr awings. 
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♦ Electrostaticplotters. These are faster devices based on the same technology as pho- 
locopying. The resolution of the drawings from electrostatic plotters is generally 
lower than Ihosc made by a pen plotter. 

■ Dot matrix printers. In the operation of these printers, small hammers strikc an ink 
ribbon against the paper to form a drawing consisting of many ink dots. 

• Ink jet printers. These are similar to dot-matrix printers except that the dots arc 
formed by high-speed jets of ink impacting the paper. 

Storage Devices. Storage peripherals are used in CA D systems to store programs 
and data files. The storage medium is usually a magnetic disk or magnetic tape. Files can 
be retrieved more quickly from magnetic disks, which facilitates loading and exchange of 
files between CPU and disk. Magnetic tape is less expensive, but more time is required to 
access a given file due to the sequential file storage on the tape. It is suited to disk backup, 
archival files, and data transfer to output devices. 


24.3 CAM, CAD/CAM, AND CIM 

Wc have briefiy defined the terms CAM. CAD/CAM, and CIM in our mtroduction. Lel us 
explain and differentiate these terms more thoroughly here.The term computer iniegrat- 
ed manufacturing (CIM) is sometimes used interchangcably with CAM and CAD/CAM, 
Although the terms are closely related.our assertion is that CIM possesses a broader mean- 
ing than does either CAM or CAD/CAM. 

24.3.1 Computer-Aided Manufacturing 

Computeraided manufacturing (CAM) is defined as the effeetive use of computer tech¬ 
nology in manufacturing planning and control. CAM is most closely associated with func- 
tions in manufacturing engineering, such as process planning and numerical control (NC) 
part programming. With reference to our model of production in Section 13.2, the appli- 
cations of CAM can be divided into two broad categories: (1) manufacturing planning and 
(2) manufacturing control. We cover these two categories in Chapters 25 and 26, but let 
us provide a brief discussion of them here to complete our definition of CAM. 

Manufacturing Planning. CAM applications for manufacturing planning are those 
in which the computer is used indirectiy to support the production funetion, but there is no 
direct connection between the computer and the process. The computer is used “off-line" 
to provide information for the effeetive planning and management of production activities. 
The following list surveys the importam applications of CAM in this category: 

• Computer-aided process planning (CAPP). Process planning is concemed with the 
preparation of route sheets that list the sequence of operations and work centers re¬ 
quired to produce the product and its components. CAPP systems are available today 
to prepare these route sheets. We discuss CAPP in the following chapter. 

• Computer-assisted NC part programming. The subject of part programming for NC 
wasdiscussed in Chapter 6 (Scction 6.5). For complex part geometries. computer-as¬ 
sisted part programming represents a mueh more efficient method of generating the 
control instructions for the machine tool than manual part programming is. 
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• Compuierized machinability data systems. One of the problems in operating a metal 
cutiing machine too) is dctcnniiiins the speeds and feeds that should be used to ma- 
chine a given workpart Computer programs have been written to recommend the ap- 
propriate cutting conditions lo use for different materials.The calculations are based 
on data that have been obtained cither in the factory or laboratory that relate tool 
lifc to cutting conditions. These machinability data systems are described in [11J. 

• Derelopment of work standards. The lime study department has the responsibility 
for setting time standards on dirset labor iohs performed in the factory. Establishing 
standards by direct time study can be a ledious and time-consuming task.There are 
sevcral comraercially availablc computer packages for setting work standards.These 
computer programs use standard time data that have been developcd for basic work 
elements thai comprise any manual task. By summing the times for the individual 
elements required to perform a new job, the program calculates the standard time for 
the job. These packages are discusscd in [I I], 

• Cost estimating.The task of estimating the cost of a new product has been simplified 
in most ndustrics by computeri/ing sevcral of the key steps required to preparc the 
estimate.The computer is programmed lo apply the appropriatc labor and overhead 
rates to the sequence of planned operations for the components of new products. 
The program then sums the individual component costs from the engineering bili of 
matsrials to determine the overall product cost. 

• Production and inventory planning. The computer has found widesproad use in 
many of the funetions in produclion and inventory planning. These funelions include: 
maintenance of inventory records, automatic rcordering of stock items when inven¬ 
tory is depletcd. production scheduling, maintaining current priorities for the differ- 
eni production orders, material requirements planning, and capacity planning. We 
discuss these aclivities in Chapter 26. 

• Computer-aided line balancing. Finding the best allocation of work elements among 
stations on an assembly line is a large and difficult problem if the line is of significant 
size. Computer programs have been devcloped to assist in the solution of this prob¬ 
lem (Section 17.5.4). 

Manufacturing Control. The sccond category of CAM applications is concemed 
wilh developirg computer systems to implement the manufacturing control funetion. Man¬ 
ufacturing control is conccmed with managiitg and controlling the physical operations in 
the factory. These management and control areas include: 

• Process moni toring and control. Prucess monitoring and control is concerned with ob- 
serving and regulating the production equipment and manufacturing processes in the 
plant. We have previouslv discusscd process control in Chapter 4. The applications of 
computer process control are pervasive loday in aulomated production systems.They 
include transfer lines, assembly systems, NC, robotics. material handling, and flexible 
manufacturing systems. All of these topics have been covered in earlier chapters. 

• QuaHty control. Quality control includes a variety of approaches to ensure the high- 
est possible quality levels in ihe manufactured product. Quality control systems were 
coveted in the chapters of Part IV. 

» Shop floor control. Shop floor control refers to production management techniques 
for collecring data from factory operations and using the data to heip control pro¬ 
duction and inventory in the factory. We discuss shop floor control and computer- 
ized factory data collection systems in Chapter 26. 
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• I nven tory control. Inventory control is concerned with maintaining the most appro- 
priate levels of inventory in the face of two opposing objectives: minimizing (he in¬ 
vestment and storage costs of holding inventory and maximizing service to customers. 
Inver.tory control is discnssed in Chapter 26. 

• Just-in-time production systems. The term just-in-time refers to a production sys¬ 
tem that is organized to deliver exactly the right number of each component to down- 
stream workstations in the manufacturing sequence just at the lime when that 
component is needed.The term applies not only to production operations but to sup- 
plier delivery operations as well. Just-in-time systems are discussed in Chapter 26. 

24.3.2 CAD/CAM 

CAD/CAM is concerned wilh the engineering fun etions in boti; design and manufactur¬ 
ing. Product design, engineering analysis, and doeumentation of the design (e.g., drafting) 
represent engineering activities in design. Process planning, NC part programming, and 
other activities associated with CAM represent engineering activities in manufacturing 
The CAD/CAM systems developed during the 1970s and early 1980s werc designed pri- 
marily to address these types of engineering problems. In addition, CAM has evolved to in- 
clude many other funetions in manufacturing, such as material requirements planning, 
production scheduling, computer production monitoring, and computer process control. 

Itshould also be noted that CAD/CAM denotes an integration of design and manu¬ 
facturing activities by means of computer systems The method of manufacturing a prod¬ 
uct is a direct funetion of its design. With conventional procedures practiced for so many 
years in industry, engineering drawings were prepared by design draftsmen and later used 
by manufacturing engineers to develop the process plan. The activities involved in design- 
ing the product were separated from the activities associated with process planning. Es- 
sentially a two-step procedure was employed. This was time-consuming and involved 
duplication of efforl by design and manufacturing personnel. Using CAD/CAM technolo- 
gy, it is possible to establish a direct link between product design and manufacturing engi¬ 
neering. In effeet, CAD/CAM is one of the enabling technologies for concurrent engineering 
(Section 253). It is the goal of CAD/CAM not only to automate certain phases of design 
and certain phases of manufacturing, but also to automate the transition from design to 
manufacturing. In the ideal CAD/CAM system, it is possible to take the design specifica- 
tion of the product as it resides in the CAD data base and convert it into a process plan for 
making the product, this conversion being done automatically by the CAD/CAM system. 
A large portion of the processing might be accomplished on a numericaily controlled ma- 
chine tool. As part of the process plan, the NC part program is generated automatically by 
CAD/CAM The CAD/CAM system downloads the NC program directly to the machine 
lool by means of a telecommunications network. Hence, under this arrangement,product 
design, NC programming, and physical production are all implemented by computer. 

24.3.3 Computer Integrated Manufacturing 

Computer integrated manufacturing includes all of the engineering funetions of 
CAD/CAM, but it also includes the firm’s business funetions that are related to manufac¬ 
turing. The ideal CIM system applies computer and Communications technology to all of 
the operational funetions and information processing funetions in manufacturing from 
order receipt, through design and production, to product shipmenl. The scope of CIM, 
compared with the more limited scope of CAD/CAM, is depicted in Figure 24.7. 
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Figure 24.7 The scope of CAD/CAM and CIM. 


The CIM concept is that all of the firm s operations related to produclion are incor- 
porated in an Integrated computer system to assist. augment. and automate the operations. 
The computer system is pervasive throughout the firm, touching all activities that support 
manufacturing. In this integrated computer system, the output of one activity serves as the 
input to the ncxt activity, through the chain of events Ihat starts with the sales order and 
culminates with shipment of the product.The components of the integrated computersys¬ 
tem are illustrated in Figure 24.8. Customer orders are initially entered by the company’s 
sales force or directly by the customer into a computerized order entry system. The orders 
contain the specifications describing the product.The specifications serve as the input to 
the product design department. New products are designed on a CAD system, The com¬ 
ponents thai comprise the product are designed, the bili of materials is compiled.and as- 
sembly drawings are prepared. 1 he output of the design department serves as the input to 
manufacturing engineering, where process planning. tool design, and similar activities are 
accomplished to prepare for production. Many of these manufacturing engineering activ¬ 
ities are supported by the CIM system.Process planning is performed using CAPP.Tool and 
fixture design is done on a CAD system, making use of the product model generated dur¬ 
ing product design. The output from manufacturing engineering provides the input to pro¬ 
duction planning and Control, where material requirements planning and scheduling are 
performed using the computer system. And so it goes. through each step in the manufac¬ 
turing cycle. Ful! impiementation of CIM results in the automation of the information flow 
through every aspect of the company’s organization. 


24.4 QUALITY FUNCTION DEPLQYMENT 

A number of concepts and techniques have been developed to aid in the product design 
function. For example.several of the principles and methods of Taguchi (who is most rec- 
ognized for his contributions in quality Control), such as “robust design ” and the “Taguchi 
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Figure 24.8 Computerized elements of a CIM system. 


loss function,” can be applied lo product design. These topics are covered in Part IV on 
Quality Control Systems (Section 20.3). The topics of concurrent engineering and design 
for manufacturing are alsorelated closely with design. We discuss these subjects in the fol- 
lowing chapter (Section 25.3) because they also relate to manufacturing engineering and 
process planning. In the present section, we discuss a technique that has gained acceptance 
in the product design community as a systemaric method for organizing and managing any 
given design problem.The method is called quality function deployment. 

Quality function deployment (QFD) sounds like a quality-related technique. And 
the scope of QFD certainly includes quality. However, its principal focus is on product de¬ 
sign. The objective of QFD is lo design products that will satisfy or exceed customer re¬ 
quirements. Of course, any product design project has this objective, but the approach is 
often very informal and unsystematic QFD, developed in Japan in the mid-1960s, uses a for¬ 
mal and slructured approach. Quality function deployment is a systematic procedure for 
dcfining customer desires and requirements and interpreting them in terms of product fea¬ 
tures and process charactcristics.The technique is outlined in Figure 24.9. In a QFD analy- 
sis, a series of interconnected matrices are developed to establish the relationships between 
customer requirements and the technical features of a proposed new product.The matri¬ 
ces represent a progression of phases in the QFD analysis, in which customer requirements 
are first translated into product features, then into manufacturing process requirements, and 
finally into quality procedures for controlling the manufacturing operations. 
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Figure 24.9 Qualily function deployment. shown here as a series of matrices 
that relace customcr requirements to successive technicai requirements. Show« 
here is a typical progression: (1) customer requirements to technicai require¬ 
ments of the product, (2) technicai requirements of the product to componenl 
characteristics, (3) component characteristics to process requirements. and 
(4) process requirements to quality procedures. 

It should be noted that QFD can be applied to analyze the delivery of a service as well 
as the design and manufacture of a product. It can be used to analyze an existing product 
or service, not just a proposed new one. The matrices may take on different meanings dc- 
pending on the product or service being analyzed. And the number of matrices used in the 
analysis may also vary. from as fcw as one (although a single matrix does not fully cxploit 
the potential of QFD) to as many as 30 [5]. QFD is a general framework for analyzing 
product and process design problems, and it must be adapted to the given problem context. 

Each matrix in QFD is similar in format and consists of six sections, as shown in Fig¬ 
ure 24.10. On the left-hand side is section 1, consisting of a list of input requirements that 



Figure 24.10 General form of each matrix in QFD, knowit as the 
house of quality in the starting matrix because of its shape. 
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serve as drivers for the current matrix of the QFD analysis. In the first matrix, these inputs 
are the occds and desires of the customer. The input requirements are translated into out¬ 
put technical requirements. listed in section 2 of the matrix. These technical requirements 
indicate how the input requirements are to be satisfied in the new product or service. In the 
starting matrix, they represent the products technical features or capabi lities. The output 
requirements in the present matrix serve as the input requirements for the next matrix, 
through to the final matrix in the QFD analysis. 

At the top of the matrix is section 3, which depicts technical correlations among the 
output technical requirements. This section of the matrå uses a diagonal grid to aliow each 
of the output requirements to be compared with all others. The shape of the grid is simi- 
lar to the roof of a house, and for this reason the term house of quallty is often used io de- 
scribe the overall matrix. It should be mentioned that this term is applied only to the starting 
matrix in QFD by some authors [5], and the technical correlation section (the roof of the 
house) may be omitted in subsequent matrices in the analysis. Section 4 is called the rela¬ 
tions hip matrix ; it indicatcs the relationships between inputs and outputs. Various sym¬ 
bols [1J,[5],[13] have been used to define the relationships among pairs of factors in sections 
3 and 4.These symbols are subsequently reduced to numerical values. 

On the right-hand side of the matrix is section 5, which is used for comparative eval- 
uation of inputs. For example, in the starting matrix, this might be used to compare the pro¬ 
posed new product with competing products already on the markel. Finally, at the bottom 
of the matrix is section 6, used for comparative evaiuation of output requirements. The six 
sections may take on slightty different interpretations for the different matrices of QFD and 
for different products or services, bul our descriplions are adequate as generalitics. 

Let us illustrere the construction of Ihe house of quality, that is. Ilte matrix used for 
the first phase of QFD. This is the beginning of the analysis, in which customer requirements 
and needs are translated into product technical requirements. The procedure can be out- 
lined in the following steps: 

1. ldentify customer requirements. Often referred to as the “voice of the customer,” 
this is the primary input in OFD (section 1 in Figure 24.10). Capturing the customer’s 
needs, desires, and requirements is most critical in the analysis. It is accomplished 
using a variety of possible methods, several of which are listed in Table 24.2. Select- 
ing the most appropriate data collection method depends on the product or service 
situation. In many cases, more than onc approach is necessary to appreciate the full 
scope of the customer s needs. 

2. ldentify product features netded to meet customer requirements. These are the tech¬ 
nical requirements of the product (section 2 in Figure 24.10) corresponding to the 
requirements and desires expressed by the customer. In effeet, these product features 
are the means by which the voice of the customer is satisfied. Mapping customer rc- 
quirements into product features often requires ingenuity, sometimes demanding the 
creation of new features not previously available on competing products. 

3. Determine technical correlations among productfeatures. This is section 3 in Figure 
24.10. The various product features will likely be related to each oiher in various 
ways. The purpose of this chart is to establish the strength of each of the relation¬ 
ships between pairs of product features. Instead of using symbols, as previously indi- 
cated, let us adopt the numerical ratings shown in l'able 24.3 for our illustrations. 
These numerical scores indicate how significant (how strong) the relationship be¬ 
tween respective pairs of requirements is. 
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TABLE 24.2 Methods of Captur ng Customer Requirements 


Interviews —One-on-one interviews, either in person or by telephone. 

Comment cards —These allow the customer to rate level of satisfaction of the product or service and to 
comment on features that were either appreciated or not appreciated. Comment cards are often provided 
to the customer on receipt of the product or service. They can also be made a part of product warranty 

legisliatioii. 

Formal survoys —These are often accomplished by mass mailings. Unfortunately, the response rate is often 
low. 

Focus groups —Several customers or potential customers serve or a panel. Group dynamics may elicit 
opinions and observations that would be omitted in one-on-one interviews. 

Study of comptaints—This allows a statistical review of data on customer complaints. 

Customer returns—When the customer returns the product, information is requested about the reason for 
the return. 

Internet —This is a relative new way of gathering customer opinions. The Usenet, for example, consists of 
16,000 8ubject-oriented interest groups. some of which are companies and products [8|. 

Field intelligence— This involves collection of second-liand information from employees who deal direetly 
with customers, 


TABLE 24.3 Numerical Scores Used For Correlations and Evaluations in Sections 3, 4, 6, and 6 of the QFO 
Matrix 


Numerical 

Score 

Strength of Relationship in 
Sections 3 and 4 

Relative Importance 
in Section 5 

Merits of Competing Product 
in Sections 5 and 6 

0 

No relationship 

No importance 

Not applicable 

1 

Weafc relationship 

Little importance 

Low score 

3 

Medium-to-strong relationship 

Medium importance 

Medium score 

5 

Very strong relationship 

Very important 

High score 


4. Develop relationship matrix between customer requirements and product features. 
The funelion of the relationship matrix in the OFD analysis is to show how well the 
collection of product features is fulfilling individual customer requirements. Identi- 
fied as se etion 4 in Rgure 24.10, the matrix indicates the relationship between indi¬ 
vidual factors in the two lists. The numerical scores in Table 24.3 are used to depict 
relationship strenglh. 

5 Comparative evaluation of input customer requirements. In section 5 of the house 
of quality, two comparisons are made. First, the relative importance of cach customer 
requirement is evaluated using a numerical scoring scheme. High values indicate Ihat 
the customer requirement is important. Low values indicate a low priority.This eval- 
uation can be used to guide the design of the proposed new product. Second, exist- 
ing competitive products are evaluated relative to customer requirements. This helps 
to identify possibie weaknesses or strengths in competing products that miglil be em- 
phasized in the new design. A numerical scoring scheme might be used as before (see 
Table 24J). 
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6. Comparative evaluation of output technical requirements. This is section 6 in Fig- 
ure 24.10. In this part of the analysis, each competing product is scored relative to 
the output technical requirements.Finally.target values can be established in each 
technical requirement for the proposed new product. 

At this point in the analysis. the completed matrix contains much informatian about which 
customer requircnients are most important, how they relate to proposed new product fea¬ 
tures, and how competitive products compare with respect to these input and output re¬ 
quirements. All of thLs information roust be assimilated and assessed to advance lo the next 
step in the QFD analysis. Those customer needs and product features that are most im¬ 
portant must be stressed as the analysis proceeds through Identification of technical re- 
quirements for components, manufacturing processes, and quality Control in the succeeding 
QFD matrices. 

EXAMPLE 24.1 Quality Function Deployraent: House of Quality 

Given: We are engaged in a new product design project for the case of child’s 
tov. The toy would be for children ages 3-9. It is a toy that could be used in a 
bathtub or on the floor. We want to construct the house of quality for such a toy 
(the initial matrix in QFD). first listing the customer requirements as might be 
obtained from one or more of the methods listed in Table 24.2. We then want 
to identify the corresponding technical features of the product and develop the 
various correlations. 

Solution: The first phase of the QFD analysis (the house of quality) is devcloped in Fig- 
ure 24.11. Following the steps in our procedure, we have the list of customer 
requirements in step 1 of the figure.Step2 lists the corresponding technical fea¬ 
tures of the product that might be derived from these customer inputs. Step 3 
presents the correlations among product features, and step 4 filis in the rela- 
tionship matrix between customer requirements and product features. Step 5 in- 
dicates a possible comparative evaluation of customer requirements, and step 
6 provides a hypothetical evaluation of competing products for the technical 
requirements 
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PROBLEMS 


Quality Function Deployment 

24.1 Consider some existing product with which vou arc familiar. If you work for a manufactur¬ 
ing company. consider a product that is manufactured by your company. Develop the house 
of quality (the first matrix) in QFD for a possible new product that would be competitive 
with the existing product. Specifically. develop a list of customer requirements as the inputs 
to the first matrix and ilten identity the leclintcal requirements ofa new product that would 
satisfy the customer requirements This project lends itself to a team activity. 

24.2 This problem is comingent on successful completion of preceding Problem 24.1. Based on 
the house of quality developed in Problem 24.], develop the second matrix in QFD, in 
which the product's technical requirements would be the inputs to the second matrix, and 
the output would be the componcnt characteristics If the product consists of a large num- 
ber of components, consider only sevcral of the most important. This projcci lends itself to 
h leam activity. 
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CHAPTER CONTENTS 

25.1 Process Planning 

25.1.1 Process Planning for Parts 

25.1.2 Process Planning for Assemblies 

25.1.3 Make or Buy Decision 

25.2 Computer-Aided Process Planring 

25.2.1 Retrieval CAPP Systems 

25.2.2 Generative CAPP Systems 

25.3 Concurrent Engineering and Design for Manufacturing 

25.3.1 Design for Manufacturing and Assembly 

25.3.2 Other Design Objectives 

25.4 Advanced Manufacturing Planning 

The product design is the plan for the product and its components and subassemblies.To 
con vert the product design into a physical entity. a manufacturing plan is needed.The ac- 
tivity of developing such a plan is called process planning. It is the link between product 
design and manufacturing Process planning involves determining the sequence of pro¬ 
cessing and assembly steps that must be accomplished to make the product. In the present 
chapter. wc cxamine process planning and several relaled topics. 

At the outset, we should distinguish between process planning and production plan¬ 
ning, which is covered in the following chapter. Process planning is concerned with the en¬ 
gineering and technological issues of how to make the product and ils parts. What types ol 
equipmeni and tooling are required lo fabricate the parts and assemble the product? Pro¬ 
duction planning is concerned with the logistics issues of making the product. After process 
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plan rung hasdetermined the technical details, production planning is concerned with or- 
dering the materials and obtaining the resources required to make the product in suffi 
cient quantities to satisfy demand for il. 


25.1 PROCESS PLANNING 

Process planning tnvolvcs determining the most appropriate manufacturing and assembly 
proccsscs and the sequence in wbich they should be accomplishcd to produce a given part 
or product accordmg to specifications set forth in the product design documontation.The 
scope and variety of processes that can be planned are generally limited by the available 
processing equipment and technological capabilities of the company or plant. Parts that can- 
not be made intcmally must be purchased from outside vendors. It should be menlioned 
that the choice of processes is also limited by the details of the product design. This is a point 
we will return to later. 

Process planning is usually accomplished by manufacturing engineers. (Other titles 
include industrial enginecr, production engineer.and process engineer.) The process plan¬ 
ner must bc familiar with tlie particular manufacturing processes available in the faclory 
and be able to interpret engineering drawings. Based on the planner’s knowlcdge, skili, 
and experience, »hc processing steps nrc dcvcloped in the most logical sequence lo make 
each part. Foflowing is a list of the many decisions and details usually included within the 
scope of process planning [10], [12]: 

• Interpretation of design dratvings.Tbe part or product design must be analyzcd {ma¬ 
terials, dimensions, tolerances, surface finishes, etc.) at the start of the process plan¬ 
ning procedure. 

• Processes and sequence. The process planner must select which processes are required 
and their sequence. A brief description of all processing steps must be prepared. 

• Equipment selection. In general, process planners must develop plans that utiltze ex- 
isting equipment in the plant. Otherwise, the component must bc purchased, or an in- 
vestmcnl must be made in new equipment. 

• Tools, dies, molds, fix tures, and gag«. The process planner must decide what tool- 
ing is required for cacli processing step. The actual design and fabrication of these 
tools is usually delegated to a tool design department and tooi room, or an outside 
vendor specializing in that type of tool is contraeted 

• Methods analysis. Workplace layout, small tools, hoists for lifting heavy parts, even 
in some cases hånd and body motions must be specified for manual operations. The 
industrial engineering department is usually responsible for this area. 

• Work standards. Work measurement techniques are used to set time standards for 
each operation. 

• Cutting tools and euning conditions. T hese must be specified for machining opera¬ 
tions, often with reference to standard handbook recom menda ti ons. 

25.1.1 Process Planning for Parts 

For individual parts, the processing sequence is docun-.ented on a form called a route sheet. 
(Not all companies use the name route sheet; another name is “operation sheet.’’) Just as 
engineering drawings are used to specify the product design, route sheets are used to spec- 
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ify the process plan. They are counterparts. one for product design, the other for manu¬ 
facturing. A typical route sheet, illustraled in Figuic 25.1, includes the following informa¬ 
tion: (1) all operations to be performed on the workpart, listed in the order in which they 
should be performed; (2) a brief description of each operation indicating the processing to 
be accomplished. with references to dimensions and tolerances on the part drawing; (3) the 
specific machineson which the work is to be done; and (4) any special tooling.such as dies. 
molds, cutting urois. jigs or fixtures, and gages. Some companies also include setup times, 
eyele time standards, and other data. It is called a route sheet becausc the processing sc- 
quence defines the route that the part must follow in the factory. Some of the guidelines 
in preparing a route sheet are listed in Tabte 25.1. 

Decisions on processes to be used to fabricate a given part are based largely on the 
starting material for the part. This starting material is sclccted hy the pnxluct designer. 
Once the material has been specified. the range of possible processing operations is re- 
duced considerably. The product designer’s decisions on starting material are based pri 
marily on funetional requirements, although economics and manufacturabiliiy also play a 
role in the selection. 

TABLE 25.1 Typical Guidelines in Preparing a Route Sheet 


• Operation numbers for consecutive processing steps should be listed as 10, 20, 30, etc. 
This allows new operations to be insened if necessary. 

■ A new operation and number should be specified when a workpart leaves one 
workstation and is transferred to another station. 

■ A new operation and number should be specified if a part is transferred to another 
workholder (e.g., jig or fixture), even if it is on the same machine tool. 

• A new operation and number should be specified if the workpart is transferred from 
one worker to another, as on a production line. 
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1 ( | Finishing I 


Additional secondary 

processes sometimes reqtired 
folio wing property enhancement 


Kigurc 25.2 Typical sequence of processes required in part fabrication. 


A typical processing sequence to fabricate an individual part consists of: (1) a basic 
process, (2) secondary processes, (3) operations to cnhance physica! properties, and (4) fin- 
ishing operations. The sequence is shown in Figure 25.2. A basic process determines the 
starting geometry of the workpart. Metal casting. plastic molding. and rolling of sheet metal 
are examplcs of basic processes. The starting geometry must often be refined by secondary 
processes, operations that transform the starting gcomeli y inlu llic final geometry (or close 
to the final geometry).The secondary processes that might be used are closely corielated 
to the basic process that provides the starting geometry. When sand casting is the basic 
process, machining operations are generally the secondary processes. When a rolling mill 
produces sheet metal, stamping operations such as punching and bending are the secondary 
processes. When plastic injection molding is the basic process. secondary operations are 
often unnecessary, becausc most of the geometric features that would otherwise require ma¬ 
chining can be created by the molding operation. Plastic molding and other operations 
that require no subsequent secondary processing are called net shapeprocesses. Operations 
that require some but not mueh secondary processing (usually machining) are referred to 
as near net shape processes. Some impression die forgings are in this category-These parts 
can often be shaped in the forging operation (basic process) so that minimal machining 
(secondary processing) is required. 

Once the geometry has been established, the nexi step for some parts is to improve 
their mechanical and phsyical properties. Operations to enhance properties do not alter the 
geometry of the part; instcad. they alter physica) properties. Heat-treating operations on 
metal parts are the most common example. Similar heating treatments are performed on 
glass lo produce tempered glass. For most manufactured parts, these property-enhana'ng 
operations are not required in the processing sequence, as indicated by the alternative 
arrow path in Figure 25.2. 

Finally,J7 nishing operations usually provide a coating on the workpart (or assem- 
bly) surface. Examples include electroplating, thin Film deposition techniques, and paint- 
ing. The purpose of the coating is to enhance appearance, change color, or protect the 
surface from corrosion. abrasion, and so fortil. Ftnishing operations are not required on 
many parts; for example, plastic moldings rarely require ftnishing. When finishing is re¬ 
quired, it is usually the final step in the processing sequence. 

Tabie 25.2 presents some typical processing sequences for common engineering ma- 
terials used in manufacturing. 

In most cases, parts and materiais arriving at the factory have completed their basic 
process.Thus, the first operation in the process plan follows the basic process that has pro- 
vided the starting geometry of the part. For example, machined parts begin as bar stoefc or 
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TABLE 25.2 Some Typical Process Sequences 


Basic P r ocess 

Starting Material 

Secondary 

Processes 

Final shape 

Enhancing 

Processes 

Finishing 

Processes 

Sand casting 

Sand casting 

Machining 

Machined part 

(Optional) 

Painting 

Die casting 

Die casting 

(Net shape) 

Die casting 

(Optional) 

Painting 

Casting of glass 

Glass ingot 

Pressing, blow 
molding 

Glass wara 

Haat trøatment 

(None) 

Injection molding 

Molded part 

(Net shape) 

Plastic molding 

(None) 

(None) 

Rolling 

Sheet metal 

Blanking, 

punching, 

bending, 

forming 

Stamping 

(None) 

Plating, 

painting 

Rolling 

Sheet metal 

Deep drawing 

Drawing 

(None) 

Plating, 

painting 

Forging 

Porging 

(Near net shape) 

Machining 

Machined part 

(None) 

Plating, 

painting 

Rolling and bar 
drawing 

Bar stock 

Machining, 

grinding 

Machined part 

Heat treatment 

Plating, 

painting 

Extrusion of 
aluminum 

Extrudate 

Cutoff 

Extruded part 

(Nonel 

Painting, 

anodizing 

Atomize 

Metal powders 

Press 

PM part 

Sinter 

Paint 

Comminution 

Ceramic powders 

Press 

Ceramic ware 

Sinter 

Glaze 

Ingot pulling 

Silicon boule 

Sawing and 
grinding 

Silicon wafer 

Cleaning 

Sawing and 

grinding 

snl “" 

Oxidation, CVD, 
PVD, etching 

IC chip ! 

Coating 


castings or forgings, which arc purchased from outside vendors. The process plan begins wilh 
the machining operations in the company's own plant. Stampings begin as sheet metal coils 
or strips that are bought from the rolling mill.These raw materials are supplied from out¬ 
side sources so that the secondary processes, property-enhancing operations, and finishing 
operations can be performed in the company’s own factory. 

In addition to the route sheet, a more detailed description of each operation is usu- 
ally prepared.This is filed in the particular production department Office where the oper¬ 
ation is performed. It lists specific details of the operation, such as cutting conditions and 
tooling (if the operation is machining) and other instructions that may be useful to the ma- 
chine operator. The descriptions often include sketches of the machine setup. 

25.1.2 Process Planning for Assemblies 

The type of assembly method used for a given product depends on factors such as: (1) the 
anticipated production quantities; (2) complexity of the assembled product, for example. 
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Ihe number ol dislinet componenls: and (3) assembly processes used, for example, me- 
chamcal assembly versus welding. For a product that is to be made in relatively small quan- 
tities, assembly is generally accomplishcd at individual workstations where one worker or 
a team of workers perform all of the assembly tasks For complex products made in medi¬ 
um and high quantities, assembly is usually performed on manual assembly iines (Chapter 
17). For simple products of a dozen or so componcnts. to bc made in large quantities, au¬ 
tomated assembly systems arc appropriate. In any case, there is a precedence order in 
which the work must be accomplished. an example of which is shown in Table 17.4.The 
precedence requirements are sometimes portrayed graphically on a prcccdcnce diagram, 
as in Figore 17.5. 

Process planning for assembly involves development of assembly instructions simi- 
lar to the list of work elements in Table 17.4, but in more detail. For low production quan¬ 
tities, the entire assembly is completed at a single station. For high production on an 
assembly line. process planning consists of allocating work elements to the individual sta¬ 
tions of the line, a procedure called line balancing (Section 17.4.2). The assembly line 
routes the work units to individual stations in the proper order as determined by the line 
balancing solution. As in process planning for individual components. any tools and fix- 
tures required to accomplish an assembly task must bc determined. destgned, and built; 
and the workstation arrangement must be laid out. 

25.1.3 Make or Buy Decision 

An important queslion thal ariscs in process planning is whether a given part should be pro- 
duced in the company’s own factory or purchased from an outside vendor, and the answer 
to this question is known as the make or buy decision, [f the company does not possess the 
technological equipment or expertise in the particular manufacturing processes required 
to make the part, then the answer is obvious:The part must be purchased because there is 
no internal alternative. However, in many cases, the part could either be made intemally 
using existing equipment, or it could be purchased extemally from a vendor that possess 
similar manufacturing capability. 

In our discussion of the make or buy decision, it should be recognized at the outset 
that nearly all manufacturcrs buy their raw materials from suppliers. A machine shop pur- 
chases its starting bar stock from a metals distributør and its sand castings from a foundry. 
A plastic molding plant buys its molding compound from a Chemical company. A stamp¬ 
ing press factory purchases sheet metal either from a distributør or direct from a rolling mili. 
Very few companies are veitically integrated in their production operations all the way 
from raw materials to finished product. Given that a manufacturing company purchases 
some of its starting materials, it seems reasonable to consider purchasing at léast some of 
the parts that would otherwise be produced in its own plant. It is probably appropriate to 
ask the make or buy question for every component that is used by the company. 

There are a number of factors that enter into the make or buy decision. We have 
compiled a list of the factors and issues that affeet the decision in Table 25.3. One would 
think thal cost is the most important factor in determining whether to produce the part or 
puchase it. If an outside vendor is more proficient than the company's own plant in the 
manufacturing processcs used to make the part, then the intemal production cost is likely 
to be greater than the purchase price even after the vendor has included a profit. Howev¬ 
er, if the decision to purchase results in idle equipment and labor in the company’s own 
plant, then the apparent advantage of purchasing the part may be lost. Consider the fol- 
lowing example. 
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TABLE 25.3 Factors in the Make or Buy Decision 

Factor Explanation and Effect on Make/Boy Decision 

How do part cosis compare? This most be considered the most important factor in the make or 

buy decision. However. the cost comparison is not always clear, 
as Exainple 25.1 iIIustiates¬ 
is the process available in-house? If the equipment and technical expertise fo r a given process are not 
available internally, then purchasing is the obvious decision. 
Vendors usually become very proficient in certain processes, 
which often makes them cost competitive in external-internal 
comparisons. However, there may be long-term cost 
implications for the company if it does not develop technological 
expertise in certain processes that are important for the types of 
Products it makes. 

What is the total production quantity? The total number of units required over the life of the product is a 
key factor. As the total production quantity increases, this tends 
to favor the make decision. Lower quantities favor the buy 
decision. 

What is the anticipated produc: life? Longer product life tends to favor the make decision. 

Is the component a standard Item? Standard catalog items ie.g., hardware items such as bolts, screws, 
nuts, and other commodity items) are produced economically by 
suppliers specializing in those products. Cost comparisons 
almost always favor a purchase decision on these standard parts. 

Is the supplier reliabte? A vendor that misses a delivery on a critical component can causa 

a shutdown at the company's final assembly plant. Suppliers 
with proven delivery and quality records are favored over 
suppliers with lesser records. 

Is the company's plant already In peak demand periods, the company may be forced to augment 

operating at full capacity? its own plant capacity by purchasing a portion of the required 

production from external vendors. 

Does the company need an Companies sometimes purchase parts from external vendors to 

alternative supply source? maintain an alternative source to their own production plants. 

This is an attempt to ensure an uninterrupted supply of parts, 
e.g„ as a safeguard against a wiidcat strike at the company's 
parts production plant. 



EXAMPLE 25.1 Make or Buy Cosl Decision 

The quoted price for a certain part is $20 00 per unit for 100 units The part can 
be produced in the company’s own plant for $28.00. The cost components of 
making the part are as follows: 

Unit raw material cost = $8.00 per unit 
Direct labor cost = 6.00 per unit 
Labor overhead at 150% = 9.00 per unit 
Equipment ftxed cost = 5.00 per unit 
Total = 28.00 per unit 

Should the component by bought or made in-house? 
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Solution: Although the vendor’s quote seems to favor a buy decision, let us consider the 
possiblc impact on plant operations if the quote is acccpted. Equipment fixed 
cost of $5.00 is an allocated cost based on an investment that was already made 
If the equipment designated for this job becomes unutilized because of a deci¬ 
sion to purchase the part, then the fixed cost continues even if the equipment 
stands idle. In the sanie way, the labor overhead cost of $9.00 consists of facto- 
ry space, Utility, and labor costs that remain e ven if the part is purchased. By this 
reasoning, a buy decision is not a good decision becausc it might cost the com- 
pany as much as $20.00 + $5.00 + $9.00 = $34.00 per unit if it results in idle 
time on the machine that would have been used to produce the part. On the 
other hånd, if the equipment in question can be used tor the production of other 
parts for which the in-house costs are less than the corresponding outside quotes 
then a buy decision is a gotid decision. 


Make or buy decisions are not often as straightforward as in this example. The other fac¬ 
tors listed in Table 25.3 also affect the decision. A trend in recent years, especially in the au¬ 
tomobile induslry.is forcompanies lo stress the importance of buitding close relationships 
with parts suppliers. We will return to this issue in our later discussion of concurrent engi¬ 
neering (Seclion 25.3). 


25.2 COMPUTER-AIDED PROCESS PLANNING 

There is much interest by manufacturing firms in automating the task of process planning 
using computer-aided process planning (CAPP) systems. The shop-trained people who are 
famiJiar with the details of machining and other processes are gradually retiring, and these 
people will be unavailable in the future to do process planning. An alternative way of ac- 
complishing this funetion is needed, and CAPP systems are providing this alternative. 
CAPP is usually considered to be part of computer-aided manufacturing (CAM). Howev- 
er, this tends to imply that CAM is a stand-alone system. In faet, a synergy results when 
CAM iscombined with computer-aided design tocreate a CAD/CAM system. In such a sys¬ 
tem, CAPP becomes the direct cuiuieciion between design and manufacturing. The bene- 
fits derived from computer-automated process planning include Ihe following: 

• Process rationalization and standardization. Automated process planning leads to 
more logical and consistent process plans than when process planning is done com- 
pletely manually. Standard plans tend to result in lower manufacturing costs and high- 
er product quality. 

• Increased productivity of process planners.lht systematic approach and the avail- 
ability of standard process plans in the data files permit more work to be accom- 
plished by the process planners. 

• Reduced lead time for process planning. Process planners working with a CAPP sys¬ 
tem can provide route sheets in a shorter lead time compared to manual preparation. 

• Improved legibility. Computer-prepared route sheets are neater and easier to read 
than manually prepared route sheets. 

• Incorporation of other applicalion programs The CAPP program can be interfaced 
with other application programs, such as cost estimating and work standards. 
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Computer-aided process planning systems are designed around two approaches.These 
approaches are called: (1) retrieval CAPP systems and (2) generative CAPP systems. Some 
CAPP systems combine the two approaches in what is known as semi-generative CAPP [12}. 

25.2.1 Retrieval CAPP Systems 

A retrieval CAPP system, also callcd a variant CAPP system, is based on the principles 
of group technology (GT) and parts classification and coding (Chapter 15). In this type of 
CAPP, a standard process plan (route sheet) is stored in computer files for each part code 
number.The standard route sheets are based oncurrent part routings in use in the facto- 
ry or on an ideal process plan that has been prepa.ed for each family. It should be noted 
that the development of the dala base of these process plans requires substantial effort. 

A retrieval CAPP system operates as illustrated in Figure 25.3. Bcfore the system 
can be used for process planning, a significant amount of information must be compiled and 
entered into the CAPP data files. This is what Chang et al. [3], [4] refer to as the “prepara- 
tory phase." It consists of the following steps: (1) selecting an appropriate classification 
and coding scheme for the company, (2) forming part families for the parts produced by 
the company; and (3) preparing standard process plans for the part families. It should be 
mentioned that steps (2) and (3) continue as new parts are designed and added to the com- 
pany's design data base. 


New part design 



Figure 25.3 General procedure for usingone of the retrieval CAPP systems. 
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After the preparatory phase has been completed, the system is ready for use. For a 
new componcnt for which the process plan is to be determined the first step is lo derive 
the GT code number for the part. Wilh this code number, a search is made of the part fam- 
ih file lo deiermine if a standard route shcet cxists for the given part code. If the file con- 
tains a process plan for the part, it is retrieved (hence. the word ‘‘retrieval” for this CAPP 
system) and displayed for the user. The standard process plan is examined to determine 
whether any modifications are necessary. ft might be that although the new part has the 
same code number. there are minor differences in the processes required to make it. The 
user edits the standard plan accordingly. This capacity to alter an existing process plan is 
what gives the retrieval system its alternative name: variant CAPP system. 

If the file does not contain a standard process plan for the given code number, the user 
may search the computer file for a similar or related code number for which a standard 
route shcet does exist. Either by editing an existing process plan, or by starting from scratch, 
the user prepares the route sheet for the new part.This route sheet becomes the standard 
process plan for the new part code number. 

The process planning session concludes with the process plan formatter, which prints 
out the route sheet in the proper format. The formatter may call other application pro¬ 
grams into use: for example, to determine machining conditions for the various machine tool 
operations in the scquence. to calculatc standard times for the operations (e.g., for direel 
labor inccnlives). or to compute cos! eslimates for the operations. 

One of the commcrcially available retrieval CAPP systems is MultiCapp, from OIR, 
the Organfration for Industrial Research. It is an on-line computer system that pennits 
the user to crcate new plans, or retrieve and edit existing process plans, as we have ex- 
plaincd above. An example ot a route sheet representing the output from the MultiCapp 
system is shown in Figure 25.4. 

25.2.2 Generative CAPP Systems 

Generativc CAPP systems represent an alternative approach to automated process plan¬ 
ning. Instead of retrieving and editing an existing plan contained in a computer data base, 
a generative syslem creales ihe process plan based on logical procedures similar to the 
procedures a human planner would use. In a fully generative CAPP system, the process sc¬ 
quence is planned without human assistance and without a set of predefined standard plans. 

The problem of designing a generative CAPP system is usually considered part of the 
field of c Xpert systems, a branch of artificial intelligence. An expert system is a computer 
program that is capable of solving complex problems that normally require a human with 
years ol education and experience. Process planning fits within the scope of this definition. 

There are several ingredients required in a fully generative process planning syslem. 
First, the technical knowledge of manufacturing and the logic used by successful process 
planners musl be captured and codcd into a computer program. In an expert system applied 
to process planning, the knowledge and logic of the human process planners is incorporated 
into a so-callcd "knowledge base.”The generative CAPP system then uses that knowledge 
base to solve process planning problems (i.e., create route sheets). 

The second ingredient in generative process planning is a computer-compatible de- 
scription of the part to be produced. This description contains all of the pertinent data and 
information needed to plan the process sequence. Two possible ways of providing this de¬ 
scription are: (1) the geometric model of the part that is developed on a CAD system dur¬ 
ing product design and (2) a GT code number of the part that defines the part features in 
significant detail. 
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Figure 25.4 Route sheot prepared by the MultiCapp System (cour- 
tesy of OIR, the Organization for Industrial Research). 

The third ingredient in a generative CAPP system is the capability to apply the process 
knowledge and planning logic contained in the knowlcdge base to a given part descrip- 
tion. In other words,the CAPP system ases its knowlcdge base to solve a specific problem— 
planning the process for a new port. This problcm-solving procedure is referred to as the 
“inference engine”in the terminology of expert systems. By using its knowlcdge base and 
inference engine, the CAPP system synthesi/cs a new process plan from scratch for each 
new part it is presented. 


25.3 CONCURRENT ENGINEERING AND DESIGN 
FOR MANUFACTURING 

Concurrent engineering refers to an approach used in product developntent in which the 
funetions of design engineering, manufacturing engineering, and other funetions are Inte¬ 
grated to reduce the elapsed time required to bring a new product to market. Also callcd 
simultaneous engineering , it might be thought of as the organizational counterpart to 
CAD/CAM teehnology. In the traditional approach to launching a new product, the two 
funetions of design engineering and manufacturing engineering leud Lo be separated and 
scquential. as illustrated in Figure 25.5(a). The product design department develops the 
new design, sometimes without mueh considcration given to the manufacturing capabili- 
ties of the company.There is little opportunity for manufacturing engineers to offer advice 
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on how the design might be altered to make it more manufacturable. It is as if a wall ex- 
ists between design and manufacturing. When the design engineering department com- 
pletes the design, it tosses the drawings and specifications over the wall, and only then does 
process planning begin. 

By contrast, in a company that practices concurrent engineering, the manufacturing 
engineering department becomes involved in the product development cycle early on, 
providing advice on how the product and its components can be designed to facilitate 
manufacture and assembly. It also proceeds with the early stages of manufacturing plan¬ 
ning for the product. This concurrent engineering approach is pictured in Figure 25.5(b). 
In addition lo manufacturing engineering, other functions are also involved in the prod¬ 
uct development cycle, such as quality engineering, the manufacturing departments,field 
service, vendors supplying critical components, and in some cases the customers who will 
use the product. AU of these functions can make contributions during product development 
to improve not only the new product’s funetion and performance, but also its produce- 
ability. inspectability, testability, serviceability, and maintainability. Through early in- 
volvement, as opposed to reviewing the final product design after it is too late to 
conveniently make any changes in the design, the duration of the product development 
cycle is substantially reduced. 
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Concurrent engineering inciudes several elements: (1) design for manufacturing and 
assemblv. (2) design for quality. (3) design for aist, and (4) design for life cyde. In addition, 
certain enabling tcchnologies such as rapid prut otyping, Virtual prolotyping, and organiza- 
tional changcs arc required to facilitate the concurrent engineering approach in acompany. 

25.3.1 Design for Manufacturing and Assembly 

Il has been eslimated that aboul 70% of the life cyde cost of a product is determined by 
basic decisions made during product design f 16).These design decisions include the material 
lor each part. part geometry, tolerances, surface finish, how parts are organized into sub- 
assemblies. and the assembly methods to he used. Once thesc decisions are made, the abil- 
ity to reducc the manufacturing cost of the product is limited. For example. if the product 
designer decides that a part is to be made of analuminum sand casting but which possess- 
es features that can he achieved only by machining (such as threaded holes and close tol¬ 
erances), the manufacturing engineer has no alternative except to plan a process sequence 
Ihat starts with sand casting followed by the sequence of machining operations needed to 
aehieve the specified features. In this example, a better decision might be to use a plastic 
molded part thai can be made in a single step. It is important for the manufacturing engi¬ 
neer to be given the opportunity to advisc the design engineer as the product design is 
evolviiig,to favorably influcncc the iiianufaeturability of the product. 

Tbrms used to describe such attempts to favorably influence the manufacturability of 
a new product are design for manufacturing (DFM) and design for assembly (DFA). Of 
course, DFM and DFA are inextricably linked, so let us use the term design for manufac¬ 
turing and assembly (DFM/A). Design for manufacturing and assembly involves the sys¬ 
tematic consideration of manufacturability and assemblability in the development of a new 
product design. This inciudes: (1) organizational changes and (2) design principles and 
guidelines. 

Organizational Changes in DFM/A. Effective implementation of DFM/A- involves 
making changes in a company’s organizational structure, either formally or informally, so 
that doser interaction and better communication occurs between design and manufactur¬ 
ing personnel. This can be accomplished in several ways: (1) by creating project teams con- 
sisting of product designers, manufacturing engineers. and other specialties (e.g., quality 
engineers. material scientists) to devekip the new product design; (2) by requiring design 
engineers to spend some career time in manufacturing to witness first-hand how manu- 
facturability and assemblability are impacted by a product's design; and (3) by assigning 
manufacturing engineers to the product design department on either a temporary or full- 
time basis to serve as producibility consultants. 

Design Principles and Guidelines. DFM/A also relies on the use of design prin- 
ciplcs and guidelines for how to design a given product to maximize manufacturability and 
assemblability Some of these are universal design guidelines that can be applied to near- 
ly any product design situation, such as those presented in Table 25.4. In other cases, there 
are design principles that apply to specific processes, for example, the use of drafts or ta- 
pers in casted and molded parts to facilitate removal of the part from the mold. We leave 
these more process-specific guidelines to texts on manufacturing processes, such as [10). 

The guidelines sometimes conflict with onc another. For example. one of the guide¬ 
lines in Table 25.4 is to "simplify part geometry; avoid unnecessary features." But another 
guideline tn the same table States that “special geomctric features mus! sometimes be added 
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TABLE 25.4 General Principles and Guidelines in DFM/A 


Guideline 


Interpretation and Advantages 


Minimize number of 
components 


Use standard commercially 
available components 


Use common parts across 
product lines 

Design for ease of part 
fabrication 


Design parts with tolerances 
that are with in process 
capability 

Design the product to be 
foolproof during assembly 

Minimize flexible 
components 

Design for ease of assembly. 


Use modular design 


Shape parts and products for 
ease of packaging 

Eliminate or reduce 
adjustments 


Peduced assembly costs. 

Greater reliability in final product. 

Easier disassembly in maintenance and field service. 

Automation is often easier with reduced part count. 

Reduced work-in-process and inventory Control problems. 

Fewer parts to purchase; reduced ordering costs. 

Reduced design effort. 

Fewer part numbers 

Better inventory control possible. 

Avoids design of custom-engineered components. 

Quantity discounts possible. 

Group technology (Chapter 15) can be applied. 

Quantity discounts are possible. 

Permits development of manufacturing cells. 

Use net shape and near net shape processes where possible. 

Simplify part geometry; avoid unnecessary features. 

Avoid surface roughness that is smoother than necessary since additional 
processing may be needed. 

Avoid tolerances less than process capability (Section 21.1.2). 

Specify bilateral tolerances. 

Otherwise, additional processing or sortation and scrap are required. 
Assembly should be unambiguous. 

Components designed so they can be assembled only one way. 

Special geometric features must sometimes be added to components. 
These include components made of rubber, belts, geskets, electrical 
cabfes, etc. 

Flexible components are generally more difficult to handle. 

Include part features such as chamfers and tapers on mating parts. 

Use base part to which other components are added. 

Use modular design !see following guideline). 

Design assembly for addition of components from one direction, usually 
vertically; if mass production, this rule can be violated because fixed 
automation can be designed for multiple direction assembly. 

Avoid threaded fasteners (screws, bolts, nuts) where possible, especially 
when automated assembly is used; use fast assembly techniques such 
as snap fits and adhesive bonding. 

Minimize number of distinet fasteners. 

Each subassembly should consists of 5-15 parts. 

Easier maintenance and field service. 

Facilitates automated (and manual) assembly. 

Reduces inventory requirements. 

Reduces final assembly time. 

Compatible with automated packaging equipment. 

Facilitates shipment to customer. 

Can use standard packaging cartons. 

Many assembled products require adjustments and calibrations. 

During product design, the need for adjustments and calibrations should 
be minimized because they are often time consuming in assembly. 


b: not- 
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to components" to design the product for foolproof assembly. And it may also be desirable 
to combine features of several assembled parts into onc componeni to minimi?e the num- 
ber of parts in the product. In these instances. design for part manufacturc is in conflict 
with design for assembly, and a suitable compromise must be found between the opposing 
sides of tbc conflict. 

25.3.2 Other Product Design Objectives 

To complete our coverage of concurrent engineering, let us briefly discuss the other design 
objectives: design for quality, cost, and life cycle. 

Design for Quality. It might be argued that DFM/A is the most important com- 
ponent of concurrent engineering because il has the potential for the greatest impact on 
product cost and development time. However. the importance of quality in international 
cotnpetition cannot be minimized. Quality does not just happen. It must be planned for dur- 
ing product design and during production. Design for quality (DFQ) is the term that refers 
to the principles and procedures employed to ensure that the highest possible quality is de- 
stgned into the product.The general objectives of DFQ are (1J: (1) to design the product 
to meet or exceed customer requirements; (2) to design the product to be “robust,” in the 
sense of Taguchi (Section 20.3.2), that is. to design the product so that its funetion and per- 
formance are relatively insensitive to variations in manufacturing and subsequent appli- 
cation; and (3) to continuously improve the performance, functionality. reliability, safety. 
and other quality aspects of the product to provide superior value to the customer. 

Our discussion of quality in Part IV (Chapters 20-23) is certainly consistent with the 
focus of design forquality.but our emphasis in those chapters was directed more at the op¬ 
erational aspects of quality during production. Among those chapters. the Taguchi quality 
engineering methods (Section 20.3) are applicable in design for quality. Another approach 
that is gaining acceptance is quality funetion deployment, discussed in Section 24.5, 

Design for Product Cost. The cost of a product is a major factor in determining 
its commeTcial success. Cost affeets the price charged for the product and the profit made 
by the company producing it Design for product cost (DFC) refers to the efforts of a com 
pany to specificaliv identify how design decisions affeet product costs and to devclop ways 
to reduce cost through design. Although the objectives of DFC and DFM'A overlap to 
some degree, since improved manufacturability usually results in lower cost. the scope of 
design for product cost extends beyond only manufacturing in its pursuit of cost savings, 
as indicated by the list of typical product cost components in Table 25.5. 

Design for Life Cycle. To the customer, the price paid for the product may be a 
small portion of its total cost when life cycle costs are considered. Design for life cycle 
refers to the product after it has been manufaetured and ind udes factors ranging from 
product delivery to product disposal. Most of the significant life cycle factors are listed in 
Table 25.6. Some customers (e.g., the federal govemment) include consideration of these 
costs in their purchasing decisions. The producer of the product is often obligated lo offer 
service contracts that limit customer liability for out-of-control maintenance and service 
costs. In these cases, accurale estimates of these life cyde costs must be included in the 
total product cost. 
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TABLE 25.5 Typical Product Cost Components 


General Area 

Affected Departments 

Product development 
and design 

Marketing research 

Basic research on new product technologies 

Engineering analysis and optimization 

Design drawings and specifications 

Prototype development 

Design testing 

Manufacturing 

engineering 

Manufacturing process research 

Process planning 

Tool design 

Materials 

Purchased raw materials 

Purchased components 

Transportation costs 
fleceiving and inspection 

Manufacturing 

Parts fabrication (equipment, labor, tooling, etc ) 

Assembly (tools, assembly lines, tabor, etc.) 

Materiel handling (equipment and labor] 

Production planning and control (labor and computer resources) 

Inspection 

Inspection (inspection plan design, gages, labor) 

Testing (test design, equipment, labor) 

Distribution 

Warehousing 

Shipment 

Inventory control 

Overhead 

Factory overhead (plant management, buildicg, Utilities, support staff) 

Corporate overhead (general management, sales, finance, legal, clerical. 
building, Utilities, etc.) 

TABLE 25.6 Factors in Design for Life Cycle 

Factor 

Typical Issues and Concerns 


Delivery 

Instal labi lity 

Reliability 

Maintainability 

Serviceability 

Human factors 

Upgradeability 


Transport cost, time to deliver, storage and distribution of mass produced items, type 
of carrier required (truck, railway. air transport) 

Utility requirements (electric power, air pressure, etc.), construction costs, field 
assembly, support during installation 

Service life of product, failure rate, reliability testing requirements, materials used in 
the product, tolerances 

Design modula rity, types of fasteners used in assembly, preventive maintenance 
requirements, ease of servicing by customer 
Product complexity, diagnostics techniques, training of field service staff, access to 
internal workings of product, tools required, availability of spare parts 
Ease and convenience of use, complexity of Controls, potential nazards, risk of injuries 
during operation 

Compatibility of current design with future modules and software, cost of upgrades 


Disposability Materials used in the product, recycling of components, waste hazards 
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25.4 AO VANCED MANUFACTURING PLANNING 

Advanced manufacturing planning emphasizes planning for the future. It is a corporate- 
level activity that is distinet from process planning because it is concerned with products 
being contemplated in the company's long-term plans (2-10-year future), rather than prod¬ 
ucts currcntly being designed and released. Advanced manufacturing planning involves 
working with sales, marketing, and design engineering to forecast the new products that will 
be introduced and to determine what production resources will be needed to make those 
future products. Future products may rcquire manufacturing technologies and facilities 
not currcntly available within the firm. In advanced manufacturing planning, the current 
equipment and facilities arecompared with the processing needs created by future planned 
products to determine what new facilities should be installed. The general planning cycle 
is portrayed in Ftgure 25.6. Activities in advanced manufacturing planning include: (1) new 
technology evaluation, (2) investment project management, (3) facilities planning. and 
(4) manufacturing research. 

New Technology Evaluation. Certainly one of the reasons why a company may 
consider insta lling new technologies is because future product lines require processing meth- 
ods not currently used by the company. To introduce the new products, the company must 
either impiement new processing technologies m-house or purchase the components made 
by the new technologies from vendors. For strategic reasons, it may be in the company’s in- 
terest to install a new technology intemally and develop staff expertise in that technology 
as a distinetive competitive advantage for the company.These issues must be analyzed, and 
the processing technology ilself must be evaluated to assess its merits and demerits. 



Figure 25.6 Advanced manufacturing planning cycle. 
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A good examplc of thc need foi technology ev alu at i on has occurrcd in the micro- 
electronics industry, whose history spåns only the past several deeades. The technology of 
microelcctronics has progressed very rapidly, driven by the need to include ever-greater 
numbcrs of devices into smaller and smaller packages. As each nev. generation has evolved, 
alternative technologies have been developed both in the products themselves and the re- 
quired processes to fabricate them. It has been nccessaty for the companies in this indus¬ 
try, as well as companies that ase their products, to evaluate the alternative technologies 
and deckic which should bo adopted. 

There are other rcasons why a company may need to introduce new technologies: 

(1) quality improvement. (2) productivity improvement, (3) cost reduction, (4) lead time 
reduction, and (5) modemization and replacement of worn-out facilities with new equip- 
ment. A good example of thc introduction of a new technology is the CAD/CAM syslems 
that were instafled by manv companies during the I980s. Initially, CAD/CAM was intro- 
duced to modernize and merease productivity in the drafting funetion in product design. 
As CAD/CAM technology itself evolved and its capabilities expanded to include three-di- 
mensional geometric modeling, design engincers began developing their product designs 
on these more powerful systems. Engineering analysis programs werc written to perform 
linite-element calculations for complex heat transfer and stress problems. The use of CAD 
had the effeet of inereasing design productivity, improving the quality of the design, im- 
proving Communications, and creating a data base for manufacturing. In addition, CAM 
software was introduced to implement process planning funetions such as numerical Con¬ 
trol part programming (Section 6.5) and CAPP. thus reducing transition time from design 
to production. 

Investment Project Management. Investments in new technologies or new equip- 
ment are generally made one projcct at a time. The duration of each project may be sev¬ 
eral months to several years. The management of the project requires a collaboration 
between the finance department that oversees the disbursements, manufacturing engi¬ 
neering that provides technical expertise in the production technology, and other func- 
tional areas that may bc related to the project. For each project, the following sequence of 
steps inusl usually be accomplished: (1) Proposal to justify the investment is prepared. 

(2) Management approvals are granted for the investment. (3) Vendor quotations are so- 
licited. (4) Order is placed lo the winning vendor. (5) Vendor progress in budding the 
equipment is monilored. (6) Any special tooling and supplies are ordered. (7) The equip- 
ment is installed and debugged. (8) Iraining of operators. (9) Responsibility for running the 
equipment is turned over to the operating department. 

Facilities Planning. When new equipment is installed in an existing plant, an al¬ 
teration of thc facility is requiced. Floor space must be allocated to tbe equipment, other 
equipment mayneed toberelocated orremoved,Utilities (power,heat,light,air,etc.) must 
be connected.safety systems must be installed if needed, and various other activities must 
be accomplished to complete the installation. In extreme cases, an entire new plant may 
need to be designed to produce a new product line or expand production of an existing line. 
The planning work required to renovate an existing facility or design a new one is carried 
out by the plant engineering department (or similar title) and is called facilities planning. 
In the design or redesign of a production facility. manufacturing engineering and plant en¬ 
gineering musi work closely to achieve a successful installation. 
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Facilitiesplanning isconcemed with the planning and design of the fisced assets (e.g.. 
land, buddings, and cquipraent) of an organi/ation. Facilities planning can be divided into 
two types of problems: (1) facilities location and (2) facilities design. Facilities location deals 
with the problem of deiermining the optimum geographical location for a new fad li ty. Fac¬ 
tors that musl be considcred in selecling the best location include: location relative to cus- 
tomers and suppliers. laboi availabilily. skiils of labur pool, Uansportatiun. cost of living. 
quality of life,energy costs,construction costs.and lax and other incentives that may be of¬ 
fered by the local or State govemineitt. The choices in facilities location include international 
as well as national alternatives. Once the general location of the facility has been decidcd 
(i.c, State and region within the State), the local site must be selected. 

Facilities design consists of the design of the plant, which includes plant layout, ma¬ 
terial handling, budding, and related issues. The plant layout is the physical arrangement 
of equipment and Space in the budding. Objectives in designing a plant layout include log- 
ical work flow.minimum maicrial movement,convenience of those using the facility,safe- 
ty.cxpandability. and flexibility in case rearrangeraent is neccssary. Material handling is 
conccmcd with the efficien! movement ol work in the factory.This is usually accomplished 
by menns of equipment such as powered forklifl trucks, conveyors of various types, auto- 
matic guided vehklcs. cranes, and hoists (Chapter 10). Material handling and plant layout 
arc closely related design issues. Building design deals with the architcetural and struc- 
tural design of the plant and inciudcs not only bricks and morfar but aiso Utilities and Com¬ 
munications lines 

Manufacturing Research and Development. To develop the required manufac¬ 
turing tcchnologies. the company may find it neccssary to undertake a program of manu¬ 
facturing research and development (R&D). Some of this research is done inlernally, 
whercas in other cases projects are contracted to university and commercial research lab- 
oratories specialining in the associated tcchnologies. Manufacturing research can take var¬ 
ious forms, including: 

• Development of new processing technologies-This R&D activity involves the de- 
velopment of new processcs that have never been used before. Some of the process¬ 
ing technologies developed for Integrated circuits fabrication represent this category. 
Other recent examplcs include rapid prototyping techmques (Section 24.1.2). 

• Adaptation of existing processing technologies- A manufacturing process may exist 
that has never been used on the type of products made by the company, yet it isper- 
ceived ihat there is a potential for application. In this case, the company inust engage 
in applied research to customize the process to its needs. 

• Process fine-tuning-This involves research on processes used by the company. The 
objectives of a given study can be any of the following: (1) improve operating effi- 
ciency, (2) improve product quality, (3) develop a process model, (4) learn how to 
better conirol the process. (5) determine optimum operating conditioas, and so forth. 

• Software systems development- These are projects involving development of cus- 
tomizcd manufacturing-related software for the company. Possible software develop¬ 
ment projects might include: cost estimating software, parts classification and coding 
systems. C’APP.customized CAD/CAM application software,production planning and 
control systems, work-m-process tracking systems, and similar projects. Successful de¬ 
velopment of a good software package may give the company a competitive advantage. 
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• Automation systems development -These projects are similar to the preceding ex- 
cept they deal with hardware or hardware/software combinations. Studies relatcd to 
applications of industrial robots (Chapter 7) in the company are examples of this 
kind of research. 

• Operations research and simu/a/ion-Operations research involves the development 
of mathemalica) models to analyze operational problems. The rechniques include lin¬ 
ear programming, inventory models, queuing theory, and stochastic processes. In 
many problems, the mathematical models are sufficiently complex that they cannot 
be solved in closed form. In these cases, discrete event simulation can be used to 
study the operations. A number of commercial simulation packages are available for 
this purpose. 

Manufacturing R&D is applied research. The objective is todevelop or adapt a tech- 
nology or technique that will result in higher profits and a distinetive competitive advan- 
tage for the company. 
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Production planning and control (PPC) is concerned with the logistics problems lliat are 
encountered in manufacturing, that is, managing the details of what and how many prod- 
ucts to produce and when, and obtaining the raw materials, parts, and resources to pro- 
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duce ihosc products. PPC solves these logistics problems by managing information. The 
computer is essential for processing the tremendous amounts of data involved to define the 
products and the manufacturing resources to produce them and to reconcile these techni- 
cal details with the desired production Schedule. In a very real sense.PPC is the integrator 
in computer integrated manufacturing. 

Planning and Control m PPC must themselves be integraled funetions. It is insufficient 
lo plan production if ihere is no control of the factory resources 10 achieve the plan. And 
it is ineffeetive to control production if there is no pian against which to compare factory 
progress. Both planning and control must bc accomplished, and they must be coordinated 
with each other and with other funetions in the manufacturing firm. such as process plan¬ 
ning, concurrent engineering, and advaneed manufacturing planning (Chapter 25). Now, 
having emphasocd the integrated nature of PPC. let us nevertheless try to explain what is 
involved in each of the two funetions, production planning and production control. 

Production planning is concerned with: (1) deciding which products to make.how 
many of each, and when they should be completed: (2) scheduling the delivery and/or pro¬ 
duction of the parts and products: and (3) planning the manpower and equipment resources 
needed lo accomplish the production plan. Activities within the scope of production plan¬ 
ning includc: 

• Aggregate production planning. This jpvolves planning the production output lcv- 
cls for major product lines produced by the firm. These plans must be coordinated 
among various funetions in the firm, including product design, production, market¬ 
ing. and sales. 

• Master production planning. The aggregate production plan must be converted into 
a master production Schedule (VIPS) which is a specific plan of the quantities to be 
produced of tndividual models within each product line. 

• Material requirementsplanning (M RP) is a planning technique, usually implemented 
by computer, that translates the MPS of end products into a detailed Schedule for 
the raw materials and parts used in those end products. 

• Capacilv planning is conccmed with determining the labor and equipment resources 
needed lo achieve the master schedule. 

Production planning activities divide into (wo stages: (1) aggregate planning which re¬ 
sults in the MPS, and (2) detailed planning. which includes MRP and capacity planning. Ag¬ 
gregate planning involves planning 6 months or more into the future, whereas detailed 
planning is concerned with the shorter term (weeks to months). 

Production control is concerned with determining whether the necessary resources 
to implement the production plan have been provided, and if not.it attempts to (ake cor- 
rective action to address the deficiencies. As ils name suggests, production control includes 
various systems and techniques for controlling production and inventory in the factory. 
The major topics covered in this chaptcr are: 

• Shop floor control. Shop floor control systems compare the progress and status of pro¬ 
duction orders in the factory to the production plans (MPS and parts explosion ac¬ 
complished by MRP). 

• Inventory control. Inventory control includes a variety of techniques Tor managing 
the inventory of a firm. One of the important tools in inventorv control is the/eco- 
nomic order quantity fomiula. 
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• Manufacturing resourceplanning. Also known as MRP II. manufacturing resource 
planning combines MRP and capacity planning as well as shop floor Control and 
other t'unctions related to PPC. 

• Just-in-time production systems. The term "just-in-lime” refers to a scheduling dis- 
ciplinc in which materials and parts are delivered to the next work cell or production 
line station just prior to their being used. This type of discipline tends to reduce in- 
ventory and other kinds of waste in manufacturing. 

The activities in a modem PPC system and their imerrelationships are depicted in Fig- 
ure 26.1. As the figure indicates, PPC ultimately extends to the company's supplier base and 
customer base. This expanded scope of PPC control is known as supply chain management. 

26. T AGGREGATE PRODUCTION PLANNING AND THE MASTER 
PRODUCTION SCHEDULE 

Aggregate planning is a high-level corporate planning activity. The aggregateproduction 
plan indicates production output levels for the major product lines of the company.The ag- 



Figure 26.1 Activities in a PPC system (highlighted in the diagram) 
and their relationships with other funetions in the firm and outside. 
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gregate plan must bc coordinatcd wilh thc plans of the sales and marketing departments. 
Because the aggregate production plan includes products that are currently in produclion, 
it must also consider the present and future inventory levels of those products and their 
component parts. Because new products currently being developed will also be included 
in the aggregate plan. the marketing plans and promotions for current products and new 
products must be reconciled against the total capacity rcsources availabte to the company. 

The production quantities of the major product lines listed in the aggregate plan must 
beconvcrtcd intoa very specificschedulc of individja] products, known as the master pro¬ 
duclion Schedule (MPS). It is a list of the products to be manufactured, when they should 
be completed and delivered, and in what quantities. A hypothetical MPS for a narrow prod¬ 
uct set is presented in Figure 26.2(b), showing how il is derived from the conesponding ag¬ 
gregate plan in Figure 26_2(a). The master schcdule must be based on an accurate estimate 
of demand and a realistic assessmenl of the company’s production capacity. 

Products included in the MPS divide into three categories: (1) firm customer orders, 
(2) forecasted demand, and (3) spare parts. Proportions in each category vary for different 
companies, and in some cases one or more categories are omitted. Companies producing 
assembled products will generally have to handle all thTee types. In the case of customer 
orders for specific products, the company is usually obligated to delivery the item by apar- 
ticular date that has been promised hy the sales department. In the second category. pro¬ 
duction output quantities are based on statistical forecasting techniques applied to previous 
demand patterns, estimates by the sales staff. and other sources. For many companies, fore¬ 
casted demand constitutes the largest portion of the master Schedule. The third category 
consists of repair parts that will eilher be stocked in the company’s service department or 
sent direetly to the customer. Some companies exelude this third category from the mas¬ 
ter schedule since it does not represent end products. 

The MPS is generally considered to be a medium-range plan since it must take into 
account the lead times to ordcr raw materials and components, produce parts in the fac- 
tory, and then assembie the end products. Depending on the product. the lead times can 




(b) Master production Schedule 


Figure 26.2 (a) Aggregate production plan and (b) corresponding 
MPS for a hypothetical product line 
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range from several weeks to many months: in some cases, more than a year.The MPS is'usu- 
allv considercd to be fixed in the near term. This means that changcs arc not allowcd with- 
in about a 6 week honzon because of the difficulty in adjusting production schedules within 
sueh a shoD penod. However. Schedule adjustments are allowed beyond 6 weeks to cope 
with changing demand pauems or the introduction of new products. Accordingly.we should 
note that the aggregate production plan is not the only input to the master Schedule. Other 
inputs that may cause the master schedule to depart from the aggregate plan include new 
customer orders and changes in sales forecast over the near term. 


26.2 MATERIAL REQUIREMENTS PLANNING 


Maierial requirements planning (MRP) is a computational technique that converts the 
master schedule for end products into a detailed schedule for the raw materials and com- 
ponents used in the end products.The detailed schedule identifies the quantities of each raw 
material and componenl item. It also indicates when each item must be ordcred and de¬ 
livered lo meet the master schedule for final products. MRP is often thought of as a method 
of invemory control. F.ven though it is an effeetive tool for minimizing unnecessary inven- 
tory investment, MRP is also useful in production schcduling and purchasing of malerials. 

The distinetion between independent demand and dependent demand is important 
in MRP. Independent demand means that demand for a product is unrelated to demand for 
other items. Final products and spare parts are eramples of items whose demand is inde¬ 
pendent. Independent demand patterns must usually be forecasted. Dependent demand 
means Ihat demand for the item is direetly related to the demand for some other item.usu¬ 
ally a final product. The dependency usually derives from the faet that the item is a com- 
ponent of the other product. Not only component parts but also raw materials and 
subassemblics are examples of items subject to dependent demand. 

Wherea-s demand for the firm’s end products must often be forecasted, the raw ma¬ 
terials and component parts should not be forecasted. Once the delivery schedule for end 
products is cstablished, the requirements for components and raw materials can be direetly 
calculated. For example. even though demand for automobiles in a given month can only 
be forecasted.once the quantity is established and production is scheduled, we know that 
five lires will be needed to deliver the car (don't forget the spare). MRP is the appropri- 
ate technique for determining quantities of dependent demand items. These items consti- 
tute the inventory of manufacturing: raw materials, work-in-process (W1P), component 
parts, and subassemblies.That is why MRP is such a powerful technique m the planning and 
control of manufacturing inventories. For independent demand items, inventory control is 
often accompiished using order point systems, described in Section 26.5.1. 

The concept of MRP is relatively straightfonvard. Its implementation is complicat- 
ed by the shecr magnitude of the data to be processed. The master schedule provides the 
overall production plan for the final products in terms of month-by-month deliveries. Each 
product may eontain hundreds of individual components. These components are produced 
from raw materials, some of which are common among the components. For example, sev- 
eral components may be made out of the same gauge sheet Steel. The components are as- 
sembled into simple subassemblies. and these subassemblies are put together into more 
complcx subassemblies. and so un, until the final products are assembled. Each step in the 
manufacturing and assembly sequence takes time. All of these factors must be incoipo- 
rated into the MRP calculalions. Although each calculation is uncomplicated, the magni- 
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tude of thc data is so large ihal ihe application of MRP is prac'lically impossible except by 
computer processing. 

In our discussion of MRP that foltows.we first cxamine the inputs to ihe MRP sys¬ 
tem. We then describe how MRP Works, the output reports generated by ihe MRP com- 
pu tat ions. and finally the bcnefits and pitfalis that have been experienced with MRP systems 
in industry. 

26.2.1 Inputs to the MRP System 

To function. the MRP program must operate on data contained in several files. These files 
serve as inputs to ihe MRP processor They are: (I) MPS.(2) bil! of matcrials file and other 
engineering and manufacturing data. and (3) inventorv record file. Figure 26.3 illustrates 
thc flow of data into the MRP processor and its conversion into useful output reports. In a 
properly implementcd MRP system.capacity planning also provides input to ensure that 
the MRP Schedule does not exceed the production capacity of the firm. More on this in 
Section 26.3. 

The MPS lists what end product? and how many of each are to be produced and when 
they are lo be ready for shipment. as shown in Figure 26 2(b). Manufacturing firms gener¬ 
ally work toward monthly delivery schedules, but the master schedule in our figure uses 
weeks as the time periods. Whotever thc duration, these time periods arc callcd lime buek- 
ets in MRP. Instead of treating time as a continuous variable (which of course, it is). MRP 
makes its computations of tnalerials and parts requirements in terms of time buekets. 

The bil! of materials (BOM) file is used to compute the raw material and compo- 
nent requirements for end products lisled in the master schedule. It provides information 
on the product structure by listing the component parts and subassemblies that make up 
each product. The structure of an assembled product can be iilustrated as in Figure 26.4. 
This is mueh simpler than most commercial products. but its simplicity wili serve for illus¬ 
tration purposes. Product PI is composed of two subassemblies. SI and S2, each of which 
is made up of components Cl. C2, and C3. and C4. C5, and C6, respectively. Finally, al the 



Figure 26.3 Siructure of an MRP system. 
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bottom level are the raw materials that go into each component. The items at each suc- 
cessively higher level are called the parents of the items feeding into it from below. For ex- 
ample.Sl is the parent of Cl. C2, and C3. The product structure must also specify the 
numbcr of cnch subassembly. component, and raw material that go into its respective pat¬ 
ent. These numbers are shown in parentheses in our figure. 

The inven tory record file is referred to as the item master file in a computerized 
inventory system. The types of data contained in the inventory record are divided into 
three segments: 

1. Item masler dala. This provides the item's identification (part number) and other 
data about the part such as order quantity and lead times. 

2. Inventory status. This gives a time-phased record of inventory status. In MRP, it is im- 
portant to know not only the current level of inventory, but also any future changes 
that will occur against the inventory. Therefore, the inventory status segment lists the 
gross requirements for the item. scheduled receipts. on-hand status, and planned order 
releases, as shown in Figure 26.6. 

3. Subsidiary dafa. The third file segment provides subsidiary data such as puichase or- 
ders. scrap or rejects,and engineering changes. 

26.2.2 How MRP Works 

The MRP processor operates on data contained in the MPS, the BOM file, and the inven¬ 
tory record file. The master Schedule specifies the period-by-period list of final products re- 
quired.The BOM defines what materials and components are needed for each product. And 
the inventory record file contains data on current and future inventory status of each prod¬ 
uct, component, and material. The MRP processor computes how many of each component 
and raw material are needed each period by “exploding” the end product requirements 
into successively lower levels in the product structure. 

EXAMPLE 26.1 MRP Gross Quantity Computafions 

In the master Schedule of Figure 26.2.50 units of product PI are to be com¬ 
pleted in week 8. Explode this product requirement into the corresponding 
number of subassemblies and components required. 
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Solution: Refernng lo the producl structure in Figure 26.4, 50 units of PI explode into 
50 units of SI and 100 units of S2 Similarly, the requirements for thest sub- 
assemblies explode into 50 units of Cl, 200 of C2.50 of C3,200 of C4,200 of C5, 
and 100 of C6. Quantities of raw materials are determincd in a similar manner. 


Several complicating factors niusi be taxen into account during the MRP computa- 
Itons. First, the quantities of components and subassemblies listed in the solution of Example 
26.1 do not account for any of those items that may already be stocked in inventory or arc 
cxpcctcd to be received as fulure orders. Accordingly, the compuled quantities musl be 
adjusted for any invcnlorics on hånd or on order, a procedure called netting. For each time 
bucket, nel requirements = gross requirements less on-hand inventories and less quanti¬ 
ties on order. 

Sccond. quantities of common use items must be combined during parts explosion to 
determine the total quantities required for each componem and raw material in the Sched¬ 
ule. Common use items arc raw materials and components that are used on more than onc 
product. MRP collects these common use items from different products to effeel cconomics 
in ordering the raw materials and producing the components. 

Third. lead times for each item must be taken into account. The lead time for a job 
is the time thai must be allowed to complete the job from start to finish. There are two 
kinds of lead times in MRP: ordering lead times and manufacturing lead times. Ordering 
lead time for an item is the time required from initiation of the purchase rcquisition to re- 
ceipt of the item from the vendor. If the item is a raw material that is stocked by the ven- 
dor, the ordering lead time should be relatively short, perhaps a few days or a few weeks. 
If the item is fabricated, the lead time may be suhstantial, perhaps several months. Manu¬ 
facturing lead time is the time required to produce the item in the company's own plant, 
from order relcase to completion, ouce the raw materials for the item are available. The 
scheduled delivery of end products must be translated into time-phased requirements for 
components and materials by factoring in the ordering and manufacturing lead times. 

EXAMPLE 26.2 MRP Time-Phased Quanlity Requirements 

To illustrate these various complicating factors, let us consider the MRP pro¬ 
cedure for component C4, which is used in product PI. This part also happens 
to be used on product P2 of the master schedule in Figure 26.2. The producl 
structure for P2 is shown in Figure 26.5. Component C4 is made out of malerial 



Figure 26.5 Product structure for product P2. 
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Figure 26.6 Initial inventory status of material M4 in Ex- 
ample 26.2. 


M4, one unit of M4 for each unit of C4, and the inventory status of M4 is given 
in Figure 26.6. The lead times and inventory status for each of the other items 
needed in the MRP calculations are shown in the table below. Complete the 
MRP calculations to determine the time phased requirements for items S2.S3, 
C4,and M4. based on the requirements for PI and P2 given in the MPS of Fig¬ 
ure 262. We assume that the inventory on hånd or on order for PI, P2. S2, S3, 
and C4 is zero for all future periods except for the calculated values in this prob¬ 
lem solution. 


Item 

Lead time 

Inventory 

PI 

Assembly lead time * 1 wk 

No inventory on hånd or on order 

P2 

Assembly lead time = 1 wk 

No inventory on hånd or on order 

S2 

Assembly lead time = 1 wk 

No inventory on hånd or on order 

S3 

Assembly lead time - 1 wk 

No invøntory on hånd or on order 

C4 

Manufacturing lead time = 2 wk 

No inventory on hånd or on order 

M4 

Ordering lead time = 3 wk 

See Figure 26.6. 


Solution: The results of the MRP calculations are given in Figure 26.7. The delivery re¬ 
quirements for PI and P2 must he offset by their ] wk assembly lead time toob- 
tain the planned order releases. These quantities are then exploded into 
requirements for subassemblies S2 (for PI) and S3 (for P2).These requirements 
are offset by their 1 wk assembly lead time and combined in week 6 to obtain 
gross requirements for component C4. Net requirements equal gross require¬ 
ments for PI, P2, S2, S3, and C4 because of no inventory on hånd and no planned 
orders. We see the effeet of current inventory and planned orders in the time- 
phased inventory status of M4.The on-hand stock of 50 units plus scheduledre- 
ceipts of 40 are used to meet gross requirements of 70 units of M4 in weelc 3, 
with 20 units remaining that can be applied to the gross requirements of 
280 units in week 4. Net requirements in week 4 are therefore 260 units. With 
an ordering lead time of 3 wk, the order rclcase for 260 units must be planned 
for week t. 
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Figure 26.7 MRP solution to Example 262.Time-phased require¬ 
ments for PI and P2 are taken from Figure 26.2. Requirements for 
S2. S3, C4. and M4 are calculated. 




Chap. 26 i Production Planning and Control Systems 


26.2.3 MRP Outputs and Benefits 

The MRP program generates a variely of outpuis that can be used in planning and man- 
aging plant operations.The outputs include: (1) plannedorder releases. which provide the 
authority toplace orders that have heen planned by the MRP system: (2) report of planned 
order releases in firture periuds: (3) reseheduiing cotices, indieating changes in due dates 
for open orders: (4) cancclation notices. indieating thal ccrtain open orders liave been can- 
ccled because of changes in the MPS; (5) reports on inventory status; (6) performance re¬ 
ports of various types.indieatingcosts.item usage,actua! versus planned lead times,andso 
on; (7) exception reports, showing deviations from the Schedule, orders that are overdue, 
scrap, and so on: and (8) inventory forccasts. indieating projected inventory levels in fu¬ 
ture periods. 

Of the MRP outputs bsted above. the planned ordcr releases are the most important 
because they drive the production syslem. Planned order releases are of two kinds, purchase 
orders and work orders. Purchase orders provide the authority to purchase raw materials 
or parts front ou tside vendors, with quantitres and delivery dates specified. Work orders gen¬ 
erate the authority lo produce parts or asscmble subassemblies or products in the compa- 
nv’s own factory. Ågain quantities to bc completed and completion dates are specified. 

Many benefits are claimed for a well-designed MRP system. Benefits reported by 
users include rhe fol lo wing: (l ) reduction in inventory, (2) quicker response to changes in 
demand than is possible with a manual requirements planning system, (3) reduced setup and 
product changeover costs, (4) better machine utillzation,(5) improved capacity to respond 
Lo changes in the master Schedule, and (6) as an aid in developing the master Schedule, 

Notwithstanding thesc claimed benefits. the suceess rate in implementing MRP sys¬ 
tems throughoul industry has been less than perfeet. Reasons why some MRP systems 
have not been successfu) include: (I) the application was not appropriate, usually because 
the product structure did not fit the data requirements of MRP; (2) the MRP computa- 
tions were based on inaccurate data; and (3) the MPS was not coupled with a capacity plan¬ 
ning system, therefore the MRP program generaled an unrealistic Schedule of work orders 
that overloaded the factory. 

26.3 CAPACITY PLANNING 

A realistic master Schedule musl be consistent with the production capabilities and Imi¬ 
tations of the plant that will produce the product. Accordingly, the firm musl know its pro¬ 
duction capacity and must plan for changes in capacity to meet changing production 
requirements specified in the master schedule. In Chapter 2, we defined production ca¬ 
pacity and formulatcd ways for determining the capacity of a plant, Capacity planning is 
concerned with determining what iabor and equipment resources are required to meet the 
current MPS as well as long-term futurc production needs of the firm (see Section 25.4). 
Capacity planning also serves to identify the limitations of the available production re¬ 
sources so thal an unrealistic master schedule is not planned. 

Capacity planning is typically aecomplished in two stages, as indicated in Figure 26.8: 
first, when the MPS is established: and second, when the MRP amputations are done. In 
the MPSstage.a rough-cut capacity planning (RCCP) calculation is made toassess thefea- 
sibility of the master schedule. Such a calculation indicates whether there is a significant vi- 
olation of production capacity in the MPS. On the other hånd, if the calculation shows no 
capacity violalion,neither does it guarantee that the production schedule can be met.This 
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Fipure 26.8 Two stages of capacity 
planning. 


depends on llie allocation of work orders to specific work cells in the plant. Accordingly. 
a second capacity calculation is made at the time the MRP Schedule is prepared. Called 
capacity requirementsplanning (CRP). this detailed calculation determines whethei there 
is sufficient production capacity in the individual deparlments and work cells to complele 
the specific parts and assemblies thal have been scheduled by MRP. If the schedule is nol 
compatible with capacity. then adjustments must be made either in plant capacity or in the 
master schedule. 

Capacity adjustments can bc divided into shon term adjustments and long-term ad- 
justmems. Capacity adjustments for the short term include: 

• Employment levels. Employment in the plant can be inereased ordescreased in re- 
sponsc to changcs in capacity requirements. 

• Tempnrary workers. Increases in employment level can also be made by using work¬ 
ers from a lemporary agency. When the busy period is passed, these workers move to 
positions at other companies where their services are needed. 

• Number of work shifts. The number of shifts worked per production period can be 
inereased or decreased. 

• Labor hours. The number of labor hours per shifl can be inereased or decreased, 
through the use of overtime or reduced hours. 

• I memory stockpUing. This tactic might be used to maintain steady employment lev¬ 
els during slow demand periods. 

• Order backlngs. Deliveries of the product to the customer could be delayed during 
busy periods when production resources are insufficient to keep up with demand. 

■ Subcontracting. This involves the letting of jobs to other shops during busy periods. 
or the taking in of extra work during slack periods. 

Capacity planning adjustments for the long lerm include possible changes in pro¬ 
duction capacity that generally require long lead times.These adjustments include the fol- 
lowing types of decisions: 

• New equipment investments. This involves investing in more machines or more pro- 
ductive machines to meet inereased future production requirements. or investing in 
new types of machines to match future changes in product design. 

• New plant construction. Building a new factory represents a major investment for the 
company. However. il also represents a significant inerease in production capacity 
for the firm. 

• Purchase of existing plant s from other companies. 
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• Acquitition of existiag companies. This may be done to increase productive capac¬ 
ity. Hcwever, there are usually more important reasons for taking over an existing 
company, for example, to achieve economies of scale that result from increasing mar- 
ket share and reducing staff. 

• Plant closings .This involves thc closing of plants that will not be needed in the future. 

Many of these capacity adjustments are suggested by the capacity equations and models 
prcscntcd in Chapter 2. 


26.4 SHOP FL OOR CONTROL 

Shop floor control is concerned with the release of production orders to the faclory, mon- 
itoring and controlling the progress of the orders through the various work centers, and ac- 
quiring current information on the status of the orders. A typical shop floor control system 
consists of three phases: (1) order release, (2) order scheduling, and (3) order progress. 
The three phases and theirconnections to other functions in the production management 
system are pictured in Figure 26.9. In today’s implementation of shop floor control, these 
phases are executed by a combinatinn of computer and human resources. with a growing 
proportion accomplished by computer automated methods. 



Figure 26.9 Three phases in a shop floor control system. 
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26.4.1 Order Release 

The ordcr release phase of shop floor control provides the documentalion needed to 
process a produclion order through the factory.The collection of documents is sometimes 
called the shop packet. It consists of: (1) the route s ti eet, which documents the process plan 
for the item to bc produced: (2) material requisitions to draw the necessary raw materi¬ 
ale from inventory; (3) job cards or other means to report direct labor time devoted to the 
ordcr and to indicate progress of the order through the factory; (4) move tlckets to autho- 
rize the material handling personnel to transport parts between work centers in the facto¬ 
ry if this kind of authorization is required; and (5) parts list, if required for assembly jobs. 
In the operation of a conventional factory, which relies heavily on manual labor, these are 
paper documents that move with the production order and are used to track its progress 
through the shop. In a modem factory, automated Identification and data capture tech- 
nologies (Chapter 12) are used to monitor the status of production orders, thus rendering 
the paper documents (or at leasl some of them) unnecessary. We explorc these factory data 
collection systems in Section 26.4.4. 

The order release module is driven by two inputs, as indicated in Figure 26.9. The 
first is the authorization to producc that derives from the master Schedule. This autho¬ 
rization proceeds through MRP which generates work orders with scheduling informa¬ 
tion. The second input to the order release module is the engineering and manufacluring 
data base which provides the product structure and process planning information needed 
to prepare the various documents that accompany the order through the shop. 


26.4.2 Order Scheduling 

The order scheduling module follows direetly from the order release module and assigns 
the production orders to the various work centers in the plant. In effeet, order scheduling 
executesthe dispatching funetion in PPC.The order scheduling module prepares a dispatch 
list, which indicates which production orders should be accomplished at the various work 
centers. It also provides information about relative priorities of the different jobs, for ex- 
ample, by showing due dates for cach job. Fn current shop floor Control practice, the dis- 
patch list guides the shop foreman in making work assignments and allocating resources 
to different jobs so that the master Schedule can hest be achieved. 

The order scheduling module in shop floor control is intended to solve two prob¬ 
lems in production control: (1) machine loading and (2) job sequencing. To Schedule a given 
set of production orders or jobs in the factory, the orders must first be assigned to work cen¬ 
ters. Allocating orders to work centers is referred to as machine loading. The term shop 
loading is also used, which refers to the loading of all machines in the plant. Since the total 
number of production orders usually exceeds the number of work centers, each work cen¬ 
ter will have a queue of orders waiting to be processed.The remaining question is: In what 
sequence should these jobs be processed? 

Answering this question is the problem in job sequencing. Job sequencing involves 
determining the sequence in which the jobs will be processed through a given work cen- 
ter.To determine this sequence, priorities are established among the jobs in the queue, and 
the jobs are processed in the order of their relative priorities. Prlority control is a term 
used in production control to denote the funetion that maintains the appropriate priority 
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levels for the various production ordcrs in the shop. As indicated in Figure 26.9, priority Con¬ 
trol information is an important input in the order scheduling module. Some of the dis- 
patching rules used to establish priorities for production orders in the plant include: 1 

• First-eome-first serve. Jobs are processed in the order in which they arrive at the raa- 
chinc. One might argue that this rule is the most fair. 

• Earliesl due date. Orders with earlier due dates are given higher priorities. 

• Shortest processing rime. Orders with shorter processing times are given higher 
priorities. 

• Least slack time. Slack time is defined as the difference between the time remaining 
until due date and the process time remaining. Orders with the least slack in their 
Schedule are given higher priorities. 

• Critical ratio. The critical ratio is defined as the ratio of the time remaining until 
due date divided by the process time remaining. Orders with the lowest critical ratio 
are given higher priorities. 

When an order is completed at one work center, it enters the queue at the nexi ma- 
chine in its process routing.That is, the order becomes part of the machine loading for the 
next work center, and priority Control is utilized to determine the sequence of processing 
among the jobs at that machine. 

The relative priorities of the dilferent orders may change over time. Reasons behind 
these changes include: (1) lower or higher than expected demand for certain products, 
(2) equipment breakdowns that cause delays in production, (3) cancellation of an order by 
a customer, and (4) defeetive raw materials that delay an order. The priority control func- 
tion reviews the relative priorities of the orders and adjusts the dispatch lisi accordingly. 

26.4.3 Order Progress 

The order progress module in shop lloor control monitors the status of the various orders 
in the plant. WIP, and other characteristics that indicate the progress and performance of 
production. The funetion of the order progress module is to provide information that is 
useful in managing the factory based on data coilected from the factory, The information 
presented to production management is often summarized in the form of reports, such as 
the following: 

• Work order status reports. These reports indicate the status of production orders. 
Typical information in the report includes the current work center where each order 
is tocated, processing hours remaining before completion of each order, whether the 
job is on-time or behind schedule, and priority level. 

• Progress reports. A progress report is used to report performance of the shop dur¬ 
ing a certain time period (e.g., week or month in the master schedule). It provides in¬ 
formation on how many orders were completed during the period, how many orders 
should have been completed during the period but were not, and so forth. 

1 A more complcte list of dispatching rules k presented in [9], which indicaicj tha 
time rule often compares favorably wtth other scheduling priority ruies 
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• Exception reports. An exccption report indicates the deviations trom the production 
Schedule (c.g.. ovcrduc jobs), ard similar exception information. 

Thcsc reports are Liseful to production management in making decisions ahout allocation 
of resources,authorization of overtime hours.and othercapacitv issues. and in identifying 
pioblem aieas in the plant that adversely affeet achievine the MPS. 


26.4.4 Factory Data Collection System 

Thore are a variety of techniqucs used to collect data from the factory floor. Thcse tech¬ 
niques range from clerical melhods which require workers to fill out paper forms that are 
later compiled, to fullv automated methods, thai require. no human participation. The fac¬ 
tory data collection system (FDC system) consists of the various paper doeuments, ter¬ 
minals, and automated devices locaied ihroughout the plant for collecting data on shop 
floor operations, plus the mcans tor compiling and processing the data. The factory data 
collection system serves as an input to Ihe order progress module in shop floor eontrol. as 
illustrated in Figure 26.9. It is also an input to priority eontrol, which affecls order sohed- 
uling. Examples of the types of data on factory operations collected by the FDC system 
include: pieee counts completed at a ccrtain work center, dircct labor time expended on 
each ordcr. parts that are scrapped, paris rcquiring rework, and equipmenl downlime.The 
data collection system can also include the lime clocks used by employees to punch in and 
out of work. 

The ultimatc purpose of the factory data collection system is twofold (1) (o supply 
status and performaucc data to the shop floor eontrol system and (2) to provide current in¬ 
formation to production foremen. plant management, and production eontrol personnel. 
To accomplish this purposc. ihe factory data collection system must input data to the plant 
computer system. In currcnt CIM teclmology. this is done using an on-line mode, in which 
the data arc entered directlyinlo the plant computersystem and are immediately available 
to the ordcr progress module. The advantage of on-line data collection is that the data file 
representing the xiatus of the shop can be kept current at all limes. As changes in order 
progress are reported. these changes arc immediately incorporated into the shop status 
file. Personnel with a need lo know can access this status in real time and be confident that 
they have the most up-to-dale information on which to base any decisions. Even though a 
modern FDC system is largely computerized. paper doeuments are still used in factory op¬ 
erations, and our coverage includes both manual (clerical) and automated systems. 

Manua! (Clerical) Data Input Techniques. Manually oriented techniques of fac¬ 
tory data collection are those in which the production workers must read from and fill out 
paper forms indicating order progress data. The forms are subsequently turned in and com¬ 
piled, using a combination of clerical and computerized methods. The paper forms include: 

• Job traveler. This is a log sheet that travels with the shop packet through the facto¬ 
ry. Workers w ho spend time on the order are required to record their times on the log 
sheet along with other data such as the date. piece counts, defeets, and so forth. The 
job traveler becomes the chronological record of the processing of the ordcr. The 
problem with this meihod is its inherent incompatibility with the principfes of real¬ 
time data collection. Since the job traveler moves with the order, it is not readily 
available for compiling current order progress. 
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• Employee time sheets. In the typical operation of this method. a daily time sheet is 
prepared for each worker, and the worker must fil) out the form to indicatc work that 
he/she accomplished during the day. Typical data entered on the form include order 
number, operation number on the route sheet, number of pieces completed during the 
day, and lime spent. Some of ihese data are taken from information contained in the 
doeumems iiavoliug wilh die urder (e.g., typical doeuments traveling wiih the order 
includeoneor more engineering drawings and route sheets), The time sheet istumed 
in daily, and order progress information is compiled (usually by clerical staff). 

• Operation tear strips. With this technique, the traveling doeuments include a set of 
preprinted tear strips that can be easily separated from the shop packet. The preprint- 
ed data on each tear strip includes order number and route sheet details. When a 
worker fmishes an operation or at the end of the shift, one of the tear strips is tom 
off. piece count and time data are recorded by the worker. and the form is turned in 
to report order progress. 

• Prepunched cards. This is esscntially the same technique as the tear strip method, ex - 
cept that prepunched computer cards are included with the shop packet instead of tear 
strips. The prepunched cards eontain the same type of order data, and the workers 
must write the same kind of production data onto the card.The difference in the use 
of prepunched cards is that in compiling the daily order progress, mcchanized data 
processing procedures can be used to record some of the data. 

There arc problems with all of these manually oriented data collection procedures. 
They all rely on the cooperation and clerical accuracy of factory workers to record data onto 
a paper doeument. There are invariably errors in this kind of procedure. Error rates asso- 
ciated with handwritten entry of data average about 3% (one error out of 30 data entries). 
Some of the errors can be detected by the clerical staff that compiles the order progress 
records. Examples of detectable errors include: wrong dates, incorrect order numbers (the 
clerical staff knows which orders are in the factory, and they can usually figure out when 
an erroneous order number has been entered by a worker). and incorrect operation num¬ 
bers on the route sheet. (If the worker enters a certain operation number, but the preced- 
ing operation number has not been started. then an error has heen made ) Other errors are 
more difficull to identify. If a worker enters a piece count of 150 pieces that represents the 
work completed in one shift when the batch size is 250 parts, this is difficult for the cleri¬ 
cal staff to verify. If a differeni worker on the following day completes the batch and also 
enters a piece count of 150, then it is obvious Ihat one of the workers overstated his/her 
production, but which one? Maybe both. 

Another problem is the delay in submitting the order progress data for compilation. 
There is a time lapse in each of the methods between when events occur in the shop and 
when the paper data representing those events are submitted. The job traveler method is 
the worst offender in this regard. Here the data might not be compiled until the order has 
been completed, too late to take any corrective action. This method is of little value in a 
shop floor control system. The remaining manual methods suffer a one-day delay since 
the shop data are generally submitted at the end of the shift, and a summary compilation 
is not avaiiable until the following day. In addition to the delay in submitting the order 
data, there is also a delay associated with compiling the data into useful reports. Depend- 
ing on how the order progress procedures are organized, the compilation may add sever- 
al days to the reporting cycle. 
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Automated and Semi-Automated Data Collection Systems. Because of the 
problems Associated with the manual'clerical procedures, techniques have been developed 
that use data collection terminals located in the factory. Data collection terminals require 
workers to input data relative to order progress using simple keypads or conventional al- 
phanumeric keyboards. Data entcrcd by keyboard are subject to error rates of around 
0.3% (one error in 300 data entiies), au order of magnilude improvemeni in data accura- 
cy over handwritten entry. Also, error-checking routines can be incorporated into the entry 
procedures to detect syntax and certain other types of errors. Because of their widespread 
use in our society, PC s are becomingmore and more commøi) in the factory, both for col- 
Icction of data and for presenting engineering and production data to shop personnet. 

The data entry methods also include more automated input technologies such as Op¬ 
tical bar code readers or magnetic card readers. Certain types of data such as order num- 
ber.product Identification,and operation sequence number can be entered with automated 
techniques using bar-coded or magnetized cards included with the shop doeuments (refer 
back to the bar-coded route sheet in Figure 12.7). 

Using either PCs or terminals that combine keypad entry with bar code technology, 
there are various configurations of data collection terminals that can be installed in the 
factory. Thesc configurations include: 

• One centralized terminal In this arrangement there is a single terminal located cen- 
trally in the plant. Thisrequires al) workers to walk from their workstations to the cen¬ 
tral location when they must enter the data. If the plant is large, this becomes 
inconvenient. Also, use of the terminal tends to inerease at time of shift change, re¬ 
sulting in significanl lost time for the workers 

• Satellite terminals. In this configuration, there are multiple data collection termi¬ 
nals located throughout the plant. The number and locations are destgned to strike 
a balance between minimizing the investment cost in terminals and maximizing the 
convcnience of the plant workers 

• Workstation terminals. The most convenient arrangement for workers is to have a 
data collection terminal available at each workstation. This minimizes the time lost 
in walking to satellite terminals or a single central terminal. Although the investment 
cost of this configuration is the greatest.it may be justified when the number of data 
transactions is relatively large and when the terminals are also designed to collect 
certain data automatically. 

The trend in indusfry is toward more use of automation in factory data collection 
systems. Although the term “automation" is used, many of the techniques require the par¬ 
ticipation of human workers; hence, we have included “semi-automated” in the subtitle for 
this category of data collection system. 


26.5 INVENTORY CONTROL 

Inventory control isconcemed with achieving an appropriate compromise between twoop- 
posing objectives: (1) minimizing the cost of holding inventory and (2) maximizing service 
, to customers. On the one hånd, minimizing inventory cost suggests keeping inventory to a 

minimum, in the extreme, zero inventory. On the other hånd, maximizing customer service 
implies keeping large stocks on hånd from which the customer can choose and immediately 
lake possession. 
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The types of inventory of greatest interest in PPC are raw materials.purchased com- 
ponents. in-process inventory (WIP),and finished products. The major costs of holding in¬ 
ventory are (1) investment costs, (2) storage costs.and (3) cost of possible ohsolescence or 
spoilage.The three costs are referred to collectively as carrying costs or holding costs. In¬ 
vestment cost is usually the largest component: for example, when a company borrows 
nioney at a high rate of inieiest lo invest in malerials being processed in ihe faclory, bul 
the materials are months away from being delivered lo Ihe cuslomer. Companies can min- 
imize holding costs by minimizing the amount of inventory on hånd. However, when in- 
ventories are minimized, cuslomer service may suffer, inducing customers to lake their 
business elsewhere. This also has a cost, called the stock-out cost. Most companies wanl to 
minimize stock-out cosl and provide good customer service. Thus. they are caught on (he 
horns of an inventory control dilemma: balancing carrying costs against the cost of poor cus¬ 
tomer service. 

In our introduction to MRP (Section 26.2), we distinguished between Iwo types of de¬ 
mand, independent and dependent. Different inventory control procedures are used for in- 
dependent and dependent demand items. For dependent demand items, MRP is the most 
widely implemenled technique. For independent demand items, order point inventory sys¬ 
tems are commonly used. 

26.5.1 Order Point Inventory Systems 

Order point systems are concemed wiih Iwo related problems that must be solved when 
managing inventories of independent demand items: (1) how many units should be ordered? 
and (2) when should the ordcr be placed? The first problem is often solved using economic 
order quantity formulas.The second problem can be solved using reorder point methods. 

Economic Order Quantity Formula. The problem of deciding on the most ap- 
propriate quantity to order or produce arises when the demand rate for the item is fairly 
conslant, and the rate at which the item is produced is significantly grealer than its de¬ 
mand rate.This is the typical make-to-stock situation.The same basic problem occurs with 
dependent demand items when usage of the ilem is relatively constant over time due to a 
steady production rate of the final product with which the item is correlated. In this case. 
it may make sense to endurc sone inventory holding costs so thai Ihe frequency of selups 
and their associated costs can be reduced. In these situations where demand rate remains 
steady, inventory is gradually deplcled over time and (hen quiekly replenished to some 
maximum level determined by the order quantity. The sudden inerease and graduai re- 
duction in inventory causes the inventory level over time to have a sawtooth appearance, 
as depicted in Figure 26.10. 


A total cost equation can be derived for the sum of carrying cost and setup cost for 
the inventory model in Figure 26,10. Because of the sawtooth behavior of inventory level, 
the average inventory level is one-half the maximum level Q in our figure. The total annual 
inventory cost is therefore given by: 


TIC 


C h Q C m D. 
2 Q 


( 26 . 1 ) 


where TIC = total annual inventory cost (holding cost plus ordering cost, $/yr), Q = order 
quantity (pc/order), C h = canying or holding cost ($/pc/yr), C au - setup cost and/or or- 
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Figure 26.10 Model of inventory level over lime in the typical make- 
to-stock situation. 


dering cost for an order ($/setup or $/order), and D„ = annual demand for the item 
(pc/yr) In the equation, the ratio DJQ is the number of orders or batches produced per 
year.wbich therefore gives the number of setups per year. 

The holding cost C* consists of two main components, investment cost and storage 
cost. Both are rclated to the time thal the inventory spends in the warehouse or factory. As 
previously indicnted, tho investment cost results from the moncy the company must invest 
in the inventory before it is sold to customers. This inventory investment cost can be cal- 
culated as the interest rate paid by the company i (%/100), multiplied by the value (cost) 
of the inventory. 

Storage cost occurs because the inventory tales up space that must be paid for. The 
amount of the cost is generally related to the size of the part and how mueh space it occu- 
pies As an approximation. it can be related lo the value or cost of the item stored. For our 
purposes, this is the most convenient method of valuating the storage cost of an item. By 
this method. the storage cost equals the cost of the inventory multiplied by the storage rate, 
•'■The term s is the storage cost as a fraction (%/100) of the value of the item in inventory. 

Combining interest rate and storage rate into one factor, we have h = i + s. The 
term h is called the holding cost rate. Like i and s, it is a fraction (%/100) that is multiplied 
by the cost of the part to evaluate the holding cost of investing in and storing WIP. Ac- 
cordingly. holding cost can be expressed as follows; 


C* = hC„ (26.2) 

where C h = holding (carrying) cost ($/pc/yr), C f = unit cost of the item ($/pc). and 
h = holding cost rate (rate/yr). 

Setup cost includes the cost of idle production equipment during the changeover 
time between batches. The costs of labor performing the setup changes might also be 
added in. Thus, 


C» = T m C* (26.3) 

where C„ = setup cost ($/setup or S/order), T,„ = setup or changeover time between 
batches. (hr/setup or hr/order), and C^ r = cost rate of tnachine downtime during the 
changeover ($/hr). In cases where parts are ordered from an outside vendor, the price 
quoted by the vendor usually includes a setup cost, either direetly or in the form of quan- 
tity discounts. C m should also include the internat costs of placing the order to the vendor. 
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Kq. (26. t) eicludes the actual annuaJ cost of part production. If this cost is included 
then annual total cost is given by the following equation: 


TC = D a C a + - 


C U D„ 

Q 


(26.4) 


where D a C r - ar.nual demand (pc/vr) multipled by cost per item ($/pc). 

lf the derivative is taken of either Eq. (26.1) or Eq. (26.4), the economic order quan- 
tity (EOQ) fomiula is obtained by setting the derivative equal to zero and solving for Q. 
This batch size minimizes the sum of carrying costs and setup costs: 


Q = EOQ = 


l 2D,C n 

V c„ 


(26.5) 


where EOQ “ economic ordcr quantity (number of parts to be produced per batch, 
pc/batch or pc/oidcr). and the other terms have been defined previously. 

EXAMPLE 26.3 Economic Order Quantity Formula 

The annual demand for a certain item made-to-stock = 15,000 pc/yr. One unit 
of the item costs $20.00. and the holding cost rate = 18%/yr. Setup time to pro- 
ducea batch = 5 hr The cost of equipment downtime plus labor = $150/hr.De- 
termine the economic order quantity and the total inventory cost for this case. 

Solution : Setup cost C„ = 5 x $150 = $750 Holding cost per unit = 0.18 x $20.00 = 
$3.60. Using these values and the annual demand rate in the EOQ formula, we 
have 

= 2500 units 

Total inventory cost is given by the TIC equation: 

TIC = 0.5(3.60)(2500) + 750(15,000/2500) = $9000 
Inciuding the actual production costs in the annual total, by Eq (26.4) we have: 
TC = 15.000(20) + 9000 = $309,000 


The economic order quantity formula has been widely used for determining so-called 
optimum batch sizes in production. More sophisticated forms of Eqs. (40.1) and (40.4) have 
appeared in the literature; for example, models that take production rate into accounl to 
yield alternative EOQ cquations [8]. Eq. 26.5 is the most general form and, in the author’s 
opinion, quite adequate for most real-Iife situations.The difficulty in applying the EOQ for¬ 
tn ula is in obtaining accurate values of the parameters in the equation, namely (1) setup cost 
and (2) inventory carrying costs. These cost factors are usually difficult to evaluate; yet 
they have an important impact on the calculated economic batch size. 

There is no disputing the mathematical accuracy of the ROQ equation. Given spe- 
cific values of annual demand (D„), setup cost (C^j.and carrying Cost (C*), Eq. (26.5) com- 
putes the lowcst cost batch size lo whatever level of precision the user desires.The trouble 
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is that the user mav be lulied into thc false belief Ihat no matter how much il costs lo 
changc thc setup. thc EOO formula always calculatcs thc optimum batch size. For many 
ycars in U.S. industry, this belief tendcd to cncourage long production runs by manufac¬ 
turing managers.The thought process went something like this: “If the setup cosl inereas- 
es, we just increase the batch size. because the F.OQ formula always tells us the optimum 
production quantity.'’ 

The user of the EOQ cquatior. must not losc sight of the total invenlory cost (TIC) 
equation. Eq. (26.1). from which EOQ is derived. Examtning the TIC equalion. a cost-cun- 
scious production manager would quickly conclude thai both costs and batch sizes can be 
reduced by decreasing the values of holding cost (C,,) and setup cost (C„,). The produc¬ 
tion manager may not be able to exert much influence on holding cosl because it is deter¬ 
mined largcly by prevailing interest rates. However. methods can be developed to reduce 
setup cost by reducing thc time required to accomplish the changeover of a production 
machine. Reducing setup times is an important focus in just-in-timc production, and we 
review the approaches for reducing setup time in Section 26.7.2. 

Reorder Point Systems. Delermining the economic order quantity is not the only 
problem that must be solved in controlling inventories in make-to-stock situations. The 
other problem is deciding when to reorder. One of the most widely used methods is the re¬ 
order point system. Although we have drawn the inventory level in Figure 26.10 as a very 
deterministic sawtoolh diagram, the reality is that there are usuatly variations in demand 
rate during the inventory order cycle. as illustrated in Figure 26.11. Accordingly, the tim¬ 
ing of when to reorder cannol be predicted with the precision that would exist if demand 
rate were a known constant value. In a reorder point system, when thc inventory level for 
a given stock item falls to some point specified as the reorder point, then an order is placed 
to restock the item. The reorder point is specified at a sufficient quantity level to mini- 
mize the probability of a stock-oul between when the reorder point is reached and the 
new order is received. Reorder point triggers can be implemented using computcrized in¬ 
ventory conlrol systems that continuously monitor the inventory level as demand occurs 
and automatically generate an order for a new batch when the level declines below the re¬ 
order point. 



Figure 26.11 Operation of a reorder point inventory system. 
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26.5.2 Work-in-Process Inventory Costs 

Work-in-process (WIP) represents a significant inventory cost for many manufacturing 
firms. In effect, rhe company is continually investing in raw malerials, processing those 
materials, and then delivering them to customers when processing has been completed. 
The problem is that processing takes time, and the company pays a holding cost between 
start of production and receipt of payment from the customer for goods delivered. In 
Chapter 2, we showed thatWIP and manufacturing lead time (MLT) are closely related. 
The longer the manufacturing lead time, the greater the WIP. In this section, a method for 
evaluating the cost of WIP and MLT is presented. The method is based on concepts sug- 
gested by Meyer [S]. 

In Chapter 2, we indicated that production typically consists of a series of separate 
manufacturing steps or operations.Time is consumed in each operation, and that time has 
an associated cost. There is also a time between each operation (at least for most manu¬ 
facturing situations) that we have referred to as the nonoperation time. The nonoperation 
time includes malerial handling, inspeclion. and storage. There is also a cost associated 
with the nonoperation time. These times and costs for a given part can be graphically il- 
lustrated as shown in Figure 26.12. At time t = 0, the cost of the part is simply its materi- 
al cost C m .The cost of each processing step on the part is the production time multiplied 
by the rate for the machine and labor. Production time T p is determined from Eq. (2.10) 
and accounts for both setup time and operation time. Let us symbolize the rate as C„. Non¬ 
operation costs (c.g., inspcction and material handling) related to the processing step are 
symbolized by the term C w . Accordingly, the cost associated with each processing step in 
the manufacturing sequence is the sum 

C 0 T„ + C«, 

The cost for each step is shown in Figure 26.12 as a vertical line, suggesting no time lapse. 
This is a simplification in the graph, justified by the faet that the time between operations 



Figure 26.12 Cost of product or part as a funetion of time in the factory. 
As operations are completed, value and cost are added to the item. 
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speni waiting and in storage is generally much greater than the time for processing, han¬ 
dling, and inspcclion. 

The total cost that has been invested in the part at the end of all operations is the sum 
of the matenal cost and the accumulated processing, inspection, and handling costs. Sym- 
bolizing this part cost as C p . wc can evaluate it using the following equation: 

c„ - c„ + i(c.r„ + c_) 


where k is used to indicate the sequence of operations, and there are a total of n„ opera¬ 
tions. For convenience. if we assume thal T p and C„ are equal for all n„ operations, then 


C* = C„ + nJLC.T, + C„ 0 ) 


(26.6) 


The part cost function shown in Figure 26.12 and represented by Eq. (26.6) can be ap- 
proximated by a straight line as shown in Figure 26.13. The line starts at lime t = 0 with a 
value = C m and slopes upward to the right so that its final value is the same as the final part 
cost in Figure 26.12. The approximation becomes more accurate as the number of pro¬ 
cessing steps increases.The equation for this line is 


C„, + 


n 0 {C o T p -r Cj 

MLT 1 


where MLT = manufacturing lead time for the part. and r = time in Figure 26.13. 

As in our derivation of the economic order quantity formula, we apply the holding 
cost rate h to the accumulated part cost defined by Eq. (26.6), but substituting the straight- 
line approximation in place of the stepwise cost accumulation in Figure 26.12. In this way, 
we have an equation for total cost per part that includes the WIP carrying costs: 


TC k = C m + n c (C 0 T„ + CJ + 




r 0 (C 0 T p + C M 
f “ MLT 


Let us use a simpler form of this cost equation by making the following substitution for the 
n„(C 0 T p + Cj term in the above: 


: ^ 

"T 

n« (C„T p » C„ 
1 

ol 

p*-Manufacturing lead time -—- 

MLT T 


Rgure 26.13 Approximation of product or part cost as a function of 
time in the factory. 
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C, - n 0 {C 0 T p + CJ 

Then, 

tc„-c. + c, + /" t (c. + ^)m, 
Carrying out thc integration, we have the following: 

TC,, = C m +C p + 4 yj/i(MLT; 


(26.7) 


(26.8) 


(26.9) 


The holding eost is ilte last term on the right-hand side of the equation. 

Holding cost/pc = [c m 4 )h(MLT) (26.10) 

Figure 26-14 shows the effect of adding the holding cost to the material, operation, and 
nonoperation cost« nf a part or product during production in the plant. 



Figure 26.14 Approximatioo of product cost showing additional cost 
of holding WIP during the manufacturing lead time. 


EX AMPLE 26.4 Inventory Holding Cost for WIP During Manufacturing 

The cost of the raw material for a certain part is $100. The part is processed 
through 20 processing steps in the plant, and the manufacturing lead time is 
15 wk. The production time per processing step is 0.8 hr, and the machine and 
labor rate is $25.00/hr. lnspection, material handling, and other related costs 
average to SlOper processing step by the time the part is finished.The interest 
rase used by the company i = 20%, and the storage rate s = 13%. Determine 
the cost per part and the holding cost. 
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Solution: The materiat cost, operation costs, and nonoperation costs are by Eq. (26.6). 

Cp, = $100 T 20( J25.00/hr x .Shr + $10) = $700/pc 
To computc the holding cost. first calculate C/. 

C p = 20($25.00/hr x .8 hr + $10) = $60()/pc 
Next, determine thc holding cost rate h = 20%+13%=33%. Expressing this as 
a weeklv rate h = (33%)'(52 wk) = 0.6346 %/wk = 0.006346/wk. According 
to Eq.(26.l0), 

Holding cost/pc = (100 + 600/2) (,006346)( 15 wk) = $38 (W/pc 
TC„ = 700.00 + 38.08 = $738.08/pc 


The $38.08 in our example is more than 5% of the cost of the part; yet the holding cost 
is usually not included directly in the company’s evaluation of part cost. Rather, il is con- 
sidered as overhead.Suppose thal this is a typical part for the company, and 5000 similar 
parts are proccssed through the plant each ycar; then the annual inventory cost for WJP of 
5000 parts = 5000 x $38.08 = $ 190,400. If the manufacturing lead time could be reduced 
to half its current value, this would translate into a 50% savings in WIP holding cost. 


26.6 MANUFACTURING RESOURCE PLANNING <MRP II) 

The initial versions of MRP in the early 1970s were limited to the planning of purchase or- 
ders and factory work orden and did not take into account such issues as capacity planning 
or feedback data from the factory forshop floor control MRP was strictly a malerials and 
parts planning tool whose calculations were based on the MPS. It became evident that 
MRP should be tied to other software packages to create a more integrated PPC system. 
The PPC software packages that evolved from MRP became known as manufacturing re¬ 
source planning, or MRP II,to distinguish it from the original abbreviation and perhaps to 
suggest that it was sccond generation, that is, more than just" MRP 

Manufacturing resource planning can be defined as a computer-based system for 
planning, scheduling, and controlling the matcrials, resources, and supporting activities 
needed to meet the MPS. MRP II is a closed-loop system that integrates and coordinatcs 
all of the major functions of the business to produce the right products at the right times. 
The term “closed-loop system” means that MRP II incorporates feedback of data on var- 
ious aspects of operating performance so that corrective action can be taken in a timely 
manner; that is, MRP II includes a shop floor control system. 

Application modules typically provided in a high-end MRP II system include thcfol- 
lowing: 

• Management planning. Functions included in this module are business strategy, ag- 
gregate production planning, master production scheduling, rough-cuf capacity plan¬ 
ning. and budget planning. 

• Customer service. Typical components in this module are sales forecasting, order 
entry, sales analysis, and finished goods inventory. 
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• Operations planning. This is the MRP module. enhanced with capacitv requirements 
planning. The output eonsists of purchase order and work order releases. 

• Operations execution. This includes purchasing, production scheduling and control. 
WIP inventory control, shop floor control. and labor hour tracking. 

• Financial funetions .These include cost accounting, accounts receivable, accounts 
payable, general ledger. and payroll. 

In effect. MRP II eonsists of virtually all of the funetions in the PPC system dia¬ 
gramed in Figurc 26.1 plus additional business funetions that are related to production. 
Software vendors continue to add new features to their MRP II packages to gain compet- 
itive advantages in the market. Some of the applications thai have been added to recent gen¬ 
erations of MRP II are in the following areas: quality control, maintenance management, 
customer field service, warianty tracking. marketing support, supply chain management, dis¬ 
tribution management, and product data management. Product data management (PDM) 
is elosely related to CAD/CAM and includes product data filing and retrieval, engineering 
change control, engineering data capture, and other features related to product design. In 
faet, the PDM area has emerged as a separate software market [11], although available 
commercial packages are designed to integrate with MRP II. 

New names have been coined in the attempt to differentiate the latest generation of 
MRP II software from its predecessors. Some of the newer terms include: 

• Enterprise resourceplanning (ERP). Software packages described by the term ERP 
have the traditional MRP ti modules Use of the word “enterprise" in the title denotes 
that these packages extend beyond manufacturing to include applications such as 
maintenance management, quality control. and marketing support [11]. 

• Customer-oriented manufacturing management systems (COMMS).This term com- 
petes with ERP but the definition is similar. COMMS software packages are organized 
into three major phases: (1) planning, (2) execution, and (3) control. Modules in the 
execution phase are known as manufacturing execution systems, which have become 
recognized on their own. 

• Manufacturing execution systems (MES). As mentioned above, this name refers to 
the execution phase of COMMS. MES lypically includes production scheduling, qual¬ 
ity control, and material handling modules. 

• Customer-oriented management systems (COMS). This term was coined by one of 
the originators of COMMS who started up his own commercial venture to market 
software and services for a more general clientele than only manufacturing. Hence, 
the word “manufacturing” was dropped from the title. What remained was customer- 
oriented management systems. Application modules in COMS are again similar to 
those in ERP and COMMS. 

Commercially available MRP II packages number in the hundreds and range in price 
from several hundred dollars to several hundred thousand dollars, depending on features 
and support delivered by the software vendor.The cost of the software itself is only a por¬ 
tion of the total cost that may ultimately be paid by the user company. Other costs include 
[8]: (1) training of user company personnel in the operation of the specific MRP II pack- 
agc, (2) interfacing the MRP II package with other software and data bases in the user 
company, and (3) reprogramming the MRP II package to customize it to other user com- 
pany’s systems. 
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26.7 JUST-IN TIME PRODUCTION SYSTEMS 

Just-in-time (JIT) production systems were developed in Japan to minimize inventories, 
espccially WIP. W1P and other types of inventory are seen by the Japanese as waste that 
should bc minimizcd or eliminated. The ideai just-in-time production system produces 
and delivers exaetly the required number of each component to the downstream opera¬ 
tion in the manufacturing sequence just at the time when that component is needed. 
Each component is delivered "just in time." This delivery discipline minimizes WIP and 
manufacturing lead time as well as the space and money invested in WIP. The JIT disci¬ 
pline can bc applied not only to production operations but to supplier delivery operations 
as well. 

Whereas the development of JIT production systems is largely credited to the Japan¬ 
ese, the philosophy of JIT has been adopted by many U.S. manufacturing firms. Other terms 
have sometimes been applied to the American practice of JIT to suggest differences with 
the Japanese practice. For example. continuous flow manufacturing is a widely used term 
in the United States that denotes a JIT style of production operations. Prior to JIT, the tra¬ 
ditional U.S. practice might be described as a“just-in-case” philosophy. that is, to hold large 
in-process inventories to cope with production problems such as late deliveries of compo- 
nents. machinc breakdowns, defeetive components, and wildcat strikes. 

The JIT production discipline has shown itself to be very effeetive in high-volume 
repetitive operations, such as those found in the automotive industry [6].The potential for 
WIP accumulation in this type of manufacturing is significant due to the large quantities 
of products made and the large numbers of components per product. 

The principal objectivc of JIT is to rcduce inventories However, inventory rcduc- 
tion cannot simply be mandated to happen. Certain requisites must be in place for a JIT 
production system to operate successfully. They are: (L) a pull system of production Con¬ 
trol, (2) small batch sizes and reduced selup limes, and (3) slable and reliable production 
operations. We discuss these requisites in the following sections. 

26,7.1 Pull System of Production Control 

JIT is based on a pull system of production control, in which the ordcr to make and deliv¬ 
er parts at each workstation in the production sequence tomes from the downstream sta¬ 
tion that uses those parts. When the supply of parts at a given workstation is about to be 
exhausted. that station orders the upstream station to replenish the supply. Only on re- 
ceipt of this order is the upstream station authorized to produce the needed parts. When 
this procedure is repeated at each workstation throughout the plant, it has the effeet of 
pulling parts through the production system. By comparison, in a push system of produc¬ 
tion control, parts at each workstation are produced irrespective of the immediate need for 
the parts at its respective downstream station. In effeet, this production discipline pushes 
parts through the plant. The risk in a push system is that more work gets scheduled in the 
factory than it can handle, resulting in large queues of parts in front of machines. The ma- 
chines are unablc to keep up with arriving work. and the factory becomes overloaded. A 
poorly planned MRP-based production planning system that does not include capacity 
planning runs this risk. 

One way to implenient a pull system is to use kanbans. The word kanban (pronouneed 
kahn-bahn) means “card” in Japanese. The Kanban system of production control, devel¬ 
oped and made famous by Toyota, the Japanese automobile company, is based on the use 
of cards that authorize (1) parts production and (2) parts delivery in the plant. Thus, there 
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are two types of kanbans: (1) production kanbans and (2) transport kanbans. A production 
kanban (P-kanban) authorizes the upstream station to produce a batch of parts. As they 
are produced. the parts are placed in containers, so the batch quantity is just sufficient to 
fill the container. Production of more than this quantity of parts is not allowed in the kan¬ 
ban system. A transport kanban (T-kanban) authorizes transport of the container of parts 
to the downstream station. 

Let as describe the operation of a kanban system with reference to Figure 26.15.The 
workstations shown in the figure (station i and station ; + 1) are only two in a sequence 
of multiple stations upstream and downstream. The flow of work is from station i to sta¬ 
tion i + l.Thc sequence of steps in the kanban pull system is as follows (our numbering 
sequence is coordinaled with Figure 26.15): (1) Station i + 1 removes the next P-kanban 
from the dispatching rack This P-kanban authorizes the station to process a container of 
part b. A material handling worker removes the T-kanban from the incoming container 
and takes it back to station i. (2) At station i, tbe worker finds a container of part b, removes 
the P-kanhan and replaces it with the T-kanban He then puts the P-kanban in the dis¬ 
patching rack at station i. (3) The P-kanban for part b at station i authorizes station i to 
process a new container of part b; however, it must wait ils turn in the rack for the other 
P-kanbans ahead of it. Scheduling of work at each station is determined by the order in 
which the production kanbans are placcd in the dispatching rack. The container of part b 
that was at station i is moved to station i + l, as authorized by the T-kanban. Meanwhile, 
processing of the b parts at station »' + 1 has been completed. and that station removes the 
next P-kanban from the dispatching rack and begins processing that container of parts 
(part d as indicated in our figure). 

As mentioned, stations i and i + 1 are only two sequential stations in a longer se¬ 
quence. All other pairs of sequential stations operate according to the same kanban pull 
system.This production control system avoids unnecessary paperwork. The kanban cards 
are used over and over again instead of generating new production and transport orders 
every eyele Although considerable labor is involved in material handling (moving cards 
and containers between stations), this is claimed to promote teamwork and cooperation 
among workers. 

26.7.2 Small Batch Sføes and Reduced Setup Times 

To minimize WIP inventories in manufacturing, batch size and setup time must be mini- 
mized.Thc relationship between batch size and setup time is given by the EOQ formula, 
Eq. (26 5). In our mathematical model for total inventory cost. Eq. (26.1). from which the 
EOQ formula is derived, average inventory level is equal to one half the batch size.To re- 
duce average inventory level, batch size must be reduced. And to reduce batch size, setup 
cost must be reduced.This means reducing setup times. Reduced setup times permit small¬ 
er batches and lower WIP levels. Methods for reducing setup time were pioneered by the 
Japanese during the 1960sand 1970s. U.S. manufacturing firms have also adopted setup re- 
duction methods. Results of the efforts are sometimes dramatic. Examples of setup re- 
ductions in Japanese and U.S. industries are reported by Suzaki [10], and we present some 
of these in Table 26.1. 

Setup time reductions result from a number of basic approaches that are best de- 
scribed as industrial engineering methods improvements. These approaches include 
(sources: [2], [3], [7], [ 12]): 



Sec. 26.7 / Just-ln-71me Production Systems 


Dnpatching 



(3) 


Elgnre 26.15 Operation of a kanban system between workstations (see 
description of steps in the text). 


Separate the work elements that comprise the setup procedure into two categories: 

(1) intemal elements, those that must be done during the machine stoppage, and 

(2) extemal elements, those that can be done while the previous job is still running. 
Design the setup tooling (e.g.,die, fixture, mold) and plan the setup method to permit 
as much of the changeover pioccdure as pussible lo consist of extemal work elements. 
Use time and motion study to reduce the internal work elements to the fewest possible. 
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TABLE 26.1 Examples of Setup Reductions in Japanese and U.S. Industries 


Industr 

Equipment 

Type 

Setup Time 

Reduction 

Setup Time 
Atter Reduction 

Reduction {%) 

Japanese automotive 

1000-ton press 

4 hr 

3 

98.7 

Japanese diesel 

Transfer line 

9.3 hr 

9 

98.4 

U.S. power tool 

Punch press 

2 hr 

3 

97.5 

Japanese automotive 

Machine tool 

6 hr 

10 

97.2 

U.S. electric appllance 

45 ton press 

50 min 

2 

96.0 


Saurcø: 110], 


• Eliminate or minimize adjustments in the setup. Adjustments are time consuming. 

• Use quick-acting damping dcvices instead of bolts and nuts. 

• Develop permanent solutions for problems tbat cause delays in the setup. 

• Schedule batches of similar part styles in sequence to minimize the magnitude of 
changes required in the setup 

• Usc group technology and cellular manufacturing if possible so that similar part styles 
are produeed on the same equipment. 

• Design modular fixtures consisling of a base unit plus insert tooling that can be quick- 
ly changed for each new part style. 

EXAMPLE 26.5 Effect of Setup Reduction on EOQ and Inventory Cost 

Let us detennine the effect on economic batch size and total inventory costs of 
reducing setup time in Exainple 26.3. Given in that example are the following: 
annual demand = 15,000 pc/yr, unit cost = $20. holding cost rate = 18%/yr, 
setup time = 5 hr, and cost of downtime during setup = $150/hr. Suppose il 
were possible to set up time from 5 hr to 5 min. (This kind of reduction is not 
SO far-fetched, given the data in Table 26.1.) Determine the economic order 
quantity and total inventory cost for this new situation. 

Solution: Setup cost C„, — (5/60) X $150 = $12.50 Holding cost per unit remains at 
$3.60. From the EOQ formula, we have 

„ /2( 15000)(12.50) 

EOQ ' trim— * 323u " iE 

This is a significant reduction from the 2500-pc batch size in the previous ex¬ 
ample. Total inventory costs are computed as follows: 

TIC = 0.5(3.60) (323) + 12.50(15,000/323) = $1162. 

This is an 87% reduction from the previous value of $9000. 


26.7.3 Stable and Rellable Production Operations 

Other requirements for a successful JIT production systems include: (1) stable production 
schedules, (2) on-time deltvery, (3) defeet-free components and materials, (4) reliable pro¬ 
duction equipment. (5) a workforce that is capable, committed. and »operative, and (6) a 
dependable supplier base. 
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Stable Schedule. Production must flow as smoothlv as possible, which mcans min¬ 
imum perturhations from the fixed schedule. Perturbation* in downstrearo operations tend 
to be magnified in upstrcam operations. A 10% change in final assembly mav translate into 
a 50% change in parts production operations duc to overtime, unscheduled setups, varia¬ 
tions from normal work procedures, and other exceplions. By maintuining a constant MPS 
ovei lime. sinoolli work flow is aehieved. and disturbances in production are minimit'ed. 

On-Tlme Delivery, Zero Defects, and Reliable Equipment. Just-in-time pro- 
duclion rcquires near perfeetion in on-time delivery. parts quahty, and equipment relia 
bility. Bccause of the small lot sizes used in JIT. parts must be delivered before stock-outs 
occur at downstream stations. Otherwise.these stations are starved for work,and produc¬ 
tion must be stopped. 

JIT rcquires high quality in every aspect of production. If defeetive parts are pro- 
duccd. they cannot be used in subsequent processing or assembly stations, thus interrupt 
ing work at those stations and possibly stopping production. Such a severc penalty forces 
a discipline of very high quality levels (zero defects) in parts fabrication. Workers are 
trained to inspect their own output to make sure it is right before it goes to the next oper¬ 
ation. In effecl. this means controlling quality during production rather than relying on in 
spectors to discover the defects latcr.The Japanese use the word Jidoka in their quality 
control procedures. Roughly translated, it means ‘ stop everything when something goes 
wrong” |2). 

JIT also rcquires highly reliable production equipment. Low WIP leaves litlle room 
for equipment stoppages. Machine breakdowns cannot be toleraled in a JIT production sys¬ 
tem. The equipment must be "designed for rcliability.” and the plant that operates the 
equipment must have a well-planned preventive maintcnance program. 

Workforce and Supplier Base. Workers in a JIT production system must he co- 
operative. committed. and cross-trained. Small batch sizes means that workers must be 
willing and ableto perform a variety of tasks and toproduce a variety of part styles at their 
workstations As indicated above, they must be inspectors as well as production workers to 
ensure the quality of their own output. They must be able to deal with minor lechnical 
problems that may be experienced with the production equipment so that major break¬ 
downs are avoided. 

The suppliers of raw materials and components to the company must be held to the 
same standards of on-time delivery, zero defects, and other J IT requirements as the com¬ 
pany itself. New policies in dealing with vendors are required for JIT. These polices in- 
clude: (1) reducing the total number of suppliers, thus allowing the remaining suppliers 
to do more business: (2) emering into long-term agreements and partnerships with sup¬ 
pliers. so that suppliers do not have lo worry about compe ti lively bidding for every order; 
(3) establishing quality and delivery standards and selecting suppliers on the basis of 
their capacity to nteet these standards; (4) placing employees into supplier plants to help 
those suppliers develop their own JIT systems; and (5) selecting parts suppliers that are 
locatcd near the company’s final assembly plant to reduce transportation and delivery 
problems. 


[1] Bai fr. A.. R. Bowoen, J. Brownf, J. Dijugan, and G. Lyons, Shop Floor Control Systems. 
Chapman & Hall. London. United Kingdom, 1994. 
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PROBLEMS 


In von to ry Control 

26.1 The annual demand for a certain part is 2000 unitsThe part is produced in a batch model 
manufacturing system. Annual holding cost per piece is $3.00. It takes 2 hr to set up the ma- 
chine to produce this part, and cost of system downtime is $150/hr. Delermine (a) the most 
economical batch quantity for this part and (b) the associated total inventory cost. 

26.2 Annual demand for a made-to-stock product is 60,000 units Each unit costs $8.00, and the 
annual holding cost rate » 24% Selup time to change over equipment for this prod- 
nct - 6 hr, and the downtime cost of the equipment - $120/hr. Dclermine: (a) economic 
order quantity and (b) total inventory costs 

26.3 Demand for a ccrtain product is 25,000 units/yr. Unit cost = $10.00. Holding cost 
rate = 30%/yr. Changeover (setup) time between products = 10.0 hr. and downtime cost 
during changeover = $150/hr. Determine:(a) economic ord er quantity, (b) total inventory 
costs, and (c) total inventory cost per year as a proportion of total produclion costs 

26.4 A part is produced in batches of size = 3000 pieces. Annual demand = 60,000 pieces, and 
piece cost = $5.00. Setup lime to run a batch = 3.0 hr. cost of downtime on the affecied 
equipment is figured at $200/hr, and annual holding cost rate = 30%. What would the an¬ 
nual savings be if the part were produced in the economic order quantity? 

26.5 In the previous problem, (a) how mueh would setup time have to be reduced to make the 
batch size ol 3000 pieccs equal to the economic order quantity? (b) How mueh would total 
inventory costs be reduced if the EOQ = 3000 units compared with the EOQ calculatcd in 
the previous problem? (c) Hpw mueh would total inventory costs be reduced if the setup 
lime were equal to the value obtained in part (a) compared with the 3.0 hr used in the pre¬ 
vious problem? 



26.6 ' A certain machine tool is used to produce severa) components for one asscmbled product. 

To kesp m-proccss invcntoncs low. a balch size of 100 units is produced for each component. 
Demand forthe product = 3000 units/yr. Produclion downtime costs an estimated $150/hr. 
All parts produced on the machiuc tool arc approximately equal in valuc: $9.00 unit. Hold¬ 
ing cost rate = 30%/yr. How many minutes must the changeovcr between batchcs be so 
(hat 100 units is the economic order quantity? 

26.7 Annual demand for a ccrtam part = 10,000 units. At present, the setup time on the machine 
tool that makes this part = 5.0 hr. Cost of downtime on this machine = $200/hr. Annual 
holding cost per part = $1.50. Delermine: (a) FOQ and (b) total inventory costs for these 
data. Also, determine- (c) EOQ and (d) total inventory costs if the changeover time could 
be redueed to 6 min. 

26.8 A variety ol assembled products are made in batches on a batch model assembly line. Every 
time 3 different product is produced, the line must be changed over, which causes lost pro- 
duction time.The asscmbled product of interest here has an annual demand of 12,000 units. 
1 he changeover time to set up the line for this product is 6.0 hr. The company figures that 
the hourly rate for losl produclion time on the line due to changeovers is $200/hr. Annual 
holding cost for rhe product is $?.00/product. The product is currently made in batchcs of 
1000 units for shipmenl each month to the Wholesale distributor. (a) Determine the total an¬ 
nual inventory cost for this product in batch sizes of 1000 units, (b) Determine the econom¬ 
ic batch quantity for this product (c) How often would sbipments be made using this EOQ? 
(d) How mueh would the company save in annual inventory costs if it produced batchcs 
equal to the EOQ rather than 1000 units? 

26.9 A two-bm approach is used to control inventory for a certain Utw-con hardware item. Each 
bin holds 500 units of the item. When one bin bccomes empty. an order for 500 units is re- 
leased to rcplace the stock in that bin The order Jead time is slightly less than the time it takes 
todepletc the stock in one bin.Accordingly.thechance of a stock-out is low, and theaver- 
age inventory level ofthe item isabout 250 units, perhaps slightly more. Annual usageof the 
item = 6000 units. Ordering cost « $40. (a) What is the imputed holding cost per unit for 
this item.based on the data given? (b) If the actual annual holding cost per unit is $0.05, what 
lot size should bc ordered? (c) How mueh does the current two-bin approach cost the com¬ 
pany per year comparcd with using the cconomic order quantity? 

26.10 A workpart costiug $80 is processed through the factory. The manufacturing lead time for 
the part is 12 wk, and the total time spent in processing during the lead time is 30 hr for all 
operations at a rate of $35/hr.Nonoperation costs total $70 during the lead time.The hold¬ 
ing cost rate used by the company for WIP is 26%.The plant operates 40 hr/wk,52 wk/yr. 
If this part is typical of the 200 parts/wk processed through the factory, determine the fol- 
lowing: (a) the holding cost per part during the manufacturing lead time and (b) the total an¬ 
nual holding costs 10 the factory. (c) If the manufacturing lead time were to be redueed from 
12 wk to 8 wk, how mueh would the total holding costs be redueed on an annual basis? 

26.11 A batch of large castings is processed through a machine shopThe batch size is 20. Each raw 
casling costs $175.Therc are 22 machining operations performed on each casting at an av¬ 
erage operation time of 0 5 hr/operation. Setup time per operation averages 5 hr.The cost 
rate for the machine and labor is $40/hr. Nonoperaticn costs (inspection, handling between 
operations.etc.) average $5/operation per part. The conesponding nonoperation time be¬ 
tween eæh operation averages two workingdaysThe shop works five 8 hr day/wk, 52 wk/yr. 
Interest rate used by the company is 25% for mresting in WIP inventory, and storage cost 
rate is 14% of the value of the item held. Both of these rates are annual rates Determine the 
following: (a) manufacturing lead time for the batch of castings; (b> total cost lo the shop of 
cach casting when it is complcled. including the holding cost; and (c) total holding cost of the 
batch for the time it spends in the machine shop as WIP. 
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Material Requirements Planning 

26.12 Using the master schcdule of Figure 26.2(b) and the product structures in Figures 26.4 and 
26.5.determine the time-phased requirements for component C6 and raw material Mé.The 
raw material tised in component 05 is M6. I-ead times are as follows: for PI, asse/nbly lead 
time = lwk;forP2,assemblyleadiime = 1 wk;for S2,assembly lead time = 1 wk;forS3, 
assern bly lead time = 1 wk; for C6, manufacturing lead time = 2 wk; and for M6, ordering 
lead time = 2 wk. Assume t hat the current inventory status for all of the above items is zerc 
units on hånd and zero units on order.The format of the solution should be similar to that 
presented in Hgure 26.7. 

26.13 Solve Problem 26.12 except that the current inventory on hånd and on order for S3, C6, and 
M6 is as follows: for S3, inventory on hånd = 2 units, and quantity on order = 0; for C6, in¬ 
ventory on hånd “ 5 units, and quantity on order = 10 for delivery in week 2; and for M6, 
inventory on hånd = 10 units, and quantity on order ■= 50 for delivery in week 2. 

26.14 Material requirements are to be planned for component C2 given the master Schedule for 
PI and P2 in Figure 26.2(b) and the product structures in Figures 26.4 and 26.5. Assembly 
lead lime for products and subassemblies (P and S levels) «= 1 wk, manufacturing lead times 
for ccmponents (C level) = 2 wk, and ordering lead time for raw materials (M level) = 3 wk. 
Determine the time-phased requirements for M2, C2, and SI. Assume there are nt> com- 
mon jse items other than those specified by the product structures for PI and P2 (Figures 
76.4 snd 26 S), and that all on-hand inventories and scheduled receipts are zero. Use a for 
mat similar to Hgure 26.7. Ignore demand beyond period 10. 

26.15 Requirements are to be planned for component C5 in product PI. Required deliveries for 
PI are given in Figure 26.2(b),and the product structure for PI is shown in Figure 26.4. As- 
semb.y lead time for products and subassemblies (P and S levels) * 1 wk, manufacturing lead 
times for coraponents (C level) = 2 wk. and ordering lead time for raw materials (M 
level) = 3 wk. Determine the time-phased requirements for M5, C5, and S2 to meet the 
master Schedule. Assume no common use items. On-hand inventories are: 100 units for M5 
and 50 units for C5,0 units for S2. Scheduled receipts are zero for these items. Use a format 
similar to Hgure 26.7. Ignore demand for PI beyond period 10. 

26.16 Solve previous Problem 26.15 except that the following additional information is known: 
scheduled receipts of M5 are 50 units in week 3 and 50 units in week 4. 

Order Scheduling 

26.17 It is currently day 10 in the production calendar of the XYZ Machine Shop. Three orders 
(A, 8, and C) are to be processed at a particular machine lool.The orders arrived in the se- 
quence A-B-C. The following table indicates the process time remaining and production 
calendar due date for each order: 


Order 

Remaining Process 
Time (day! 

Oue Date 

A 

4 

Day 20 



Day 30 


6 

Day 18 


Determine the sequence of the orders that would be scheduled using the following pri- 
ority control rules: (a) first-come-first-served. (b) earliest due date. (c) shortest processing 
time, (d) least slack time, and (e) critical ratio. 

26.18 In Problem 26.17,for each solution, (a)-(e). determiDe which jobs are delivered on time and 
which jobs are tardy. 
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Setup Time Reduction 

26.19 The following data apply to shect metal parts prcduced at a stamping plant that serves a final 
assenibly plant in the automotive industry. The data are average values representative of 
the parts made at the plant. Annual demand = 150,000 pieces (for each part produced); av¬ 
erage cost per piece = 120, holding cost = 25%, changeover (setup) time for the press¬ 
es = 5 hr, and cost of downtime on any given press - $200/hr. (a) Compute the economic 
batch size and the total annual inventory cost for the data. (b) If the changeover time could 
be reduced to 30 min, compute the economic batch size and the total annual inventory cost. 

26.20 Given the data in the previous problem, il is desired to reduce the batch size from the value 
dcreraiined in that problem to 600 pieces, consisten! with the number of units produced 
daily by the final assembly plant served by the stamping plant. Determine the changeover 
time that would allow the economic batch size in stamping to be 600 pieces. What is the cor- 
responding total annual inventory cost for this batch size? 

26.21 Annual demand for a part is 500 units. The part is currently produced in batches. It takes 
2.0 hr to ser up the production machine for this part. and the downtime during setup costs 
$125/hr. Annual holding cost for the part is $5.00. The company would like to produce the 
part usinga new flexible manufacturing system it recently installed .This would allow the 
company to produce this part as well as others on the same equipment. However, changeover 
time must be reduced to a minimum, (a) Determine the required changeover (setup) time 
ro produce this part cconomicaliy in batch sizes of l unit. (b) If the part were to be produced 
in batch sizes of 10 units instead of 1 unit, what is the implicit changeover time for this batch 
quantity? (c) How rauch are the annual toti inventory costs to the company when the batch 
size = 1 unit? 
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CHAPTER COIMTEIMTS 

27.1 Lean Production 

27.2 Agile Manufacturing 

27.2.1 Market Forces and Agility 

27.2.2 Reorganizing the Production System for Agility 

27.2.3 Managing Relationships for Agility 

27.2.4 Agility Versus Mass Production 

27.3 Comparison of Lean and Agile 

TVo new systems of doing business in manufacturing have evolved in recent decades: lean 
production and agile manufacturing. One might argue that these new systems represent par- 
adigm shifts from mass production. Lean production can be traced to the 1960s in Japan, 
when Toyota Motors started innovating changes in mass production to deal with its do- 
mestic automotive market.The term “lean production" was coined around 1989 with the 
popularity of the book, The Machine that Changed the World [18], written by researchers 
at the Massachusetts Institute of Technology (MIT). Agile manufacturing originated from 
a research study at Lehigh University in the early 1990s.This study attempted to peer into 
the future to answer the question: What things would successful manufacturing companies 
be doing in 15 yeaTs? What they discovered was that successful companies were already 
doing these things. 

We identify lean and agile as “new systems of doing business.” They have their ori- 
gins in manufacturing. However.as we shall see in the present chapter, lean and agile prin- 
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tipies can he appiied beyond rbe factors. 1 They are ways of doing business that can be ap- 
plied at the entcrprise level. 


27.1 LE AN PRODUCTION 

Lean production is a term that embraces manv of ihe topics that we have covered in ear- 
lier chapters, topics sucb as flexible manufacturing, minimizing work-in-process, “puir sys¬ 
tems of production Control, and setup time reduction. The term itself was coined by MIT 
researchers to describe the collection of etficiency improvements that Toyota Motors un- 
dertook to survive in the Japancse automobile business after World War II (Historical 
Note 27.1). Bccause of ils. origins at Toyota Motors, the same collection of improvements 
has also been called the "Toyota production system” [12], [13]. 


Historical Note 27.1 Lean production 

The person given credil for mitiating tnany o( the methods of lean production was a Toyota chief 
onginccr namedTaiichi Ohno (1912-199(1). In the post-World War II period.the Japanese au- 
tomotivc industry had to basically starr over. Ohno visited a U.S. auto plant to iearn American 
production methods. At that time. the car market in Japan was mueh smaller than in the U.S., 
so a Japanese automotivc plant could not afford the large production runs and huge work-in- 
process invemories thal we had here. (As it turrs out. our plants cannot afford them any longer 
cithcr.) Ohno knew that Toyola s plants needed to be more flexible. Also, space was (and is) 
very prccicus in Japan.These conditions. as well as Ohno's apparent aversion to waste in any 
form (ntuda, as the Japanese call it). motivated him to develop some of the basic ideas and 
procedures that have come to be known as lean production Over the ncxt several decades,he 
and his colieagucs perfeeted these ideas and procedures, which included just-in-time produc¬ 
tion and the kanban system of production control. smoothed production,setup lime reduction. 
quality cirdes. ar.d dcdicated adhcrcnce lo statisticai quality control. 

Ohno himself did not com the teim "lean production"to describe the collection of actions 
taken at Toyota to improve production etficiency. In faet, he titled his book, The Toyota Pro¬ 
duction System; Beyond Large Scale Production [13 J. The term "lean production" was coined 
by researchers at MIT to describe the activities and programs that seemed to explain Toyota's 
success: Iheefftaency with which they produced cars and the quality of the cats they produeed 

The MIT research projcct came to bc known as the International Motor Vehicle Program 
(JMVP). Included in the research was a survey of 87 automobile assembly plants throughout 
the World. The research was popularired by the book The Machlne that Changed the Wortd 
|18j. In the subtille of ihe book was the term “lean production." 


Let lis provide twr> definitions of lean production. Our first definition is a paraphrase 
of two of the authors of The Machine that Changed the World. Womack and Jones deftne 
lean as doing “more and more with less and iess-less human effort, less equipment, less 
time, and (ess space-while coming doser and doser to providing customers with exaetly 
what they wanf [19]. We are taking some liberties in using this quote. It comes from their 
book/illed Lean Thinking {p. 15), and they use these words to define “lean thinking," 

1 One of the onginators of the term "agile manufacturing" was Roger Nagel, a cotteague of mine at Lehigh 
University. Roger once confided in me ihat bc regretted using the word manufacturing because it seemed to re- 
strict the scope of agilitv. In his view. agi lity caa be applied to tbe entiie organization, even beyond oqe organi- 
zation. (t is an enterprise level way of doing business, not lhnited to manufacturing. 
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which is lean production but expanded in scope to include distribution and other functions 
beyond the factory. 

The second definition is developed to introduce our discussion of the principles of lean 
production. Lean production can be de fined as an adaptation of mass production in which 
workers and work cells are made more flexible and effident by adopting methods that re- 
duce waste in all forms. According to anothcr author of The MacMne thai Changed the 
World, lean production is based on four principles [14]: 

1. minimize waste 

2. perfect first-time quality 

3. flexible production lines 

4. continuous improvement 

Let us explain these principles and at the same time compare lean production with its pre- 
decessor, mass production. The comparison is summarized in Table 27.1. 

Minimize Waste. All four principles of lean production are derived from the first 
principle: minimize waste. Taiichi Ohno’s list of waste forms can be listed as follows [13]: 
(1) production of defectivc parts, (2) production of more than the uuinber of items need- 
cd, (3) unnecessary inventories, (4) unnecessary processing steps, (5) unnecessary movement 
of people, (6) unnecessary transport of materials, and (7) workers waiting. The various pro¬ 
cedures used in the Toyota plants were developed to minimize these forms of waste. A 
number of these procedures have been discussed in previous chapters. For example, lean 
principle 2 (perfect first-time quality),discussed next.is directed at eliminating produc¬ 
tion of defeetive parts (waste form l).The just-in-time production system (Section 26.7) was 
intended to produce no more than the minimum number of parts needed at the next work¬ 
station (waste form 2).This reduced unnecessary inventories (waste form 3). And so on, 
as we will see now. 

Perfect First-Tlme Quality. In the area of quality, the comparison between mass 
production and lean production provides a sharp contrast. In mass production, quality Con¬ 
trol is defined in terms of an acceptable quality level or AQ1. (Section 22.2.1). This means 
that a certain level of fraction defeets is sufficient, even satisfactory. In lean production, by 
contrast, perfect quality is required. The just-in-time delivery discipline (Section 26.7) used 
in lean production necessitates a zero defeets level in parts quality, because if the part de¬ 
livered to the downstream workstation is defeetive, pioductinri stops. There is minimum in- 


TABLE 27.1 Comparison of Mass Production and Lean Production 


Mass Production 

Lean Production 

Inven tory buffers 

Minimum waste 

Just-i n-case deliveries 

Minimum inventory 
Just-in-time deliveries 

Acceptable quality level (AQLI 

Perfect first-time quality 

Taylorism 

Worker teams 

Maxim um efficiency 

Worker involvement 

Flexible production systems 

If it ain't broke, dont fix it 

Continuous improvement 
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vcntory in a ean system to act as a bnffer. In mass production, inventory buffers are used 
just in case these quality problems occur. The defeetive work units are simply taken off 
the line and replaced with acceptable units. However, the problem is that such a policy 
tends lo perpetuate the cause of the poor qualiiy.Therefore, defeetive parts continue to be 
produced. In lean production. a single defeet draws attention to the quality problem, forc- 
ing corrective action and a permanent solution. WorkciS inspeel tlieir uwn production, 
minimizing the delivery of defeets to the downstream production station. 

Flexible Production Systems- Mass production is predicated largely on the prin¬ 
ciples of Frederick W. Taylor. one of the leaders of the scientific management movement 
in the early 1900s tHistorical Note 2.1). According to Taylor, workers had to bc told every 
detail of their work methods and were incapable of pianning their own tasks. By compar- 
ison. lean production makes use of worker teams to organize the tasks to be accomplished 
and worker involvemenl lo solve technical problems. One of the findings reported in The 
Machine that Changed the World was thal workers in Japanese "lean production” plants 
received many more hours of training Ihan their U.S. counterparts (380 hours of training 
vs. 46 hours). Another finding was the lower number of job classifications in Japanese lean 
plants. The study showed an average of 11.9 job classifications in Japanese plants versus an 
averagc of 67.1 in U.S. plants. Fewer job classifications mean more cross-training among 
workers and greater flexibility in the work force. 

In mass production, the goal is lo maximize efficiency. This is aehieved using long 
production runs of identical parts. Long production runs tolerate long setup changeovers. 
In lean production. procedures are designed to speed the changeover. Reduced setup times 
allow forsmaller balch sizes.thus providing the production system with greater flexibility. 
Flexible production systems were nceded in Toyota’s comeback period because of the 
mueh smaller car market in Japan and the need to be as efficient as possible. 

Continuous Improvement. In mass production, there is a tendency to set up the 
operation, and if il is working, leave it alone. Mass production lives by the motto:“If it ain’t 
broke, don’t fix it." By contrast. lean production supports the policy of continuous im¬ 
provement. Called kaizen by the Japanese, continuous improvement means constantly 
searching for and implementing ways to reduce cost, improve quality, and inerease pro- 
ductivity. The senpe of continuous improvement goes beyond factory operations and in- 
volves design improvements as well. Continuous improvement is carried out one project 
at a time. The projects may be concemed with any of the following problem areas: cost re- 
duction,quality improvement, productivity improvement,setup time reduction, cycle time 
reduction, manufacturing lead time and work-in-process inventory reduction, and im¬ 
provement of product design to inerease performance and customer appeal. The proce¬ 
dure for carrying out a continuous improvement project in the quality area is outlined in 
Section 21.4.2, Similar procedures can be applied to other problem areas. 

27.2 AGILE MANUFACTURING 2 

As an observed “system of doing business." agile manufacturing emerged after lean pro¬ 
duction (Historical Note 27.2) yet shares many aspects, as we shall see when we compare 
Ihc two in Section 27.3 .Agile manufacturing can be de fined as (1) an enterprise level man¬ 
ufacturing strategy of introducing new products into rapidly changing markets and (2) an 

2 This section is based largely on |8] and (9|. 
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organizational abi lity to thrive in a competitive environment characterized by continuous 
and sometimes unforeseen change. 


Historical Note 27.2 Agile manufacturing 

In 1991. an lndustry-led snidy wa5 accomplished under the »uspices of the lacocca Institute 
at Lehigh Universitv.The study was sponsored by the United States Navy Mantech Program 
and involved 13 U.S. companies. 3 The objective of the study was to consider what the char- 
acteristics will be thai successful manufacturing companies will possess in the year 2006. By 
the time the study was completed, more than 100 companies had participated in addition to 
the original 13. The report of Ihe study was entitled 21 si Century Manufacturing Enterprise 
Study. The term “agile manufacturing" was coined to describe a new manufacturing para- 
digm that was recognized as emerging to rcplace mass production. Key findings of the study 
included the following: 

• A new competitive environment is emerging that is forcing changes in manufacturing sys¬ 
tems and organizations. 

• Agile companies that can rapidly respond to demand for customized products will have 
competitive advantage in this environment. 

• Agility requirea integration of: (1) flexiblc production technologics. (Z) knowlctlgcoble 

worlc force, and (3) management structures thai encourage cooperative initiatives in- 
ternally and between firms. 

• The American standard of living is at risk unless U.S.industrycan lead the transition to 
agile manufacturing. 

Three of the principals involved in the 1991 study went on to write a book that is generally rec¬ 
ognized as the definmitive work on agility. Their book is titled Agile Competltors and Virtu¬ 
al Organlzations. published in 1995 [8]. 


The 1991 study identified four principles of agility. 4 Manufacturing companies that are 
agile competitors tend to exhibit these principles or characteristics.The four principles are: 

1. Organize to Master Change —"An agile company is organized in a way ihat allows 
it to thrive on change and uncertainty."’ In a company that is agile, the human and 
physical resources can be rapidly reconfigured to adapt to changing environment and 
m arket opportunities. 

2. Leverage the Impact of Ptople and Information—In an agile company. knowledge 
is valued, innovation is rewarded, authority is distnbuted to the appropriate level of 
the organization. Management provides the resources that personnel need. The or- 
ganization is entrepreneurial in spirit.There is a “climate of mutual responsibility for 
joint success." 6 


' Companies panicipating in the 21 si Century Manufacturing Enterprise Study we«: Air Products & Chem¬ 
icals, AT&T, Boeing. Chrysler. FM C. General Electric. General Motors, IBM, Kingsbury Corp., Motorola, Texas 
Instruments, TRW. and Wesnnghouse. 

The lom principles. as we have called them here. are reterred to as the tour dimensions of agility in [8]. 
’ Goldman, S. L.. R. N. Nagel. and K. Preiss, Agile Compedtors and Virtual Organisations Van Noslrand 
Reinhold, New York. 1995. p 74. 
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3. Cooperate to Enhance Competitiveness —'Cooperation-intcrnally and with other 
companies-is an agile competitor's operational strategy of first choice.” 7 The objee- 
tive is to bring products to market as rapidly as possible. The required resources and 
competencies are found and used. wherever thev exist.This may involve partnering 
wilh other companies, possibly even competing companies. to form Virtual (Mer¬ 
prises (Section 27.2.3). 

4. Enrich the C us tomer —"An agile company is perceived by its custoniers as enriching 
them in a significant way. not only itsc!f.""The products of an agile company are per¬ 
ceived as solutions lo customers’ problems. Pricing of the product can be based on the 
value of the solution to the cuslomer rather than on manufacturing cosl. 

As oui definition and the list of four agilitv principles indicate. agile manufacturing 
involves more than just manufacturing. It involves the firm’s organizational structure. it 
involves the way the firm treats it people. it involves partnerships with other organizations, 
and it involves relationships with customers. Instead of "agile manufacturing,” it might be 
more appropriale to just call this new system of doing business ‘agility."'' 

27.2.1 Market Forces and Agility 

A number of market forces can bc identified that are driving the evolution of agility and 
agile manufacturing in business. Thesc forces include: 

• Intensifying competition —Signs of intensifying competition include (I) global com- 
petition. (2) decreasing cost of information, (3) growth in communication technolo- 
gies. (4) pressure to reduce time-to-market, (5) shorter product lives. and (6) inereasing 
pressures on costs and profits. 

• Fragmentation of mass markets— Mass production was justified by the existencc of 
very large markets for mass-produced products.The signs of the trend toward frag¬ 
mented markets include: (1) emergence of niche markets. for example, different sneak- 
ers for different sports and nonsports applications; (2) high rate of model changes; 
(3) declining barriere to market entry from global competition; and (4) shrinking Win¬ 
dows of market opportunity. Producers must develop new product styles in shorter 
developmenl periods. 

• Cooperative business relationships—There is more cooperation occurring among 
corporations in the United States. The cooperation takes many forms, including: 
(1) inereasing inter-enlerprise cooperation, (2) inereased outsourcing, (3) global sourc- 
ing. (4) improved labor management relationships. and (5) the formation of Virtual 
enterprises among companies. One might view the inereased rate of corporate merg- 
ers that are occurring at time of writing as an extension of these cooperative rela¬ 
tionships. 

• Changing customer expectations—Mtnket demands are changing. Cuslomers are be- 
coming more sophisticated and individualistic in their purchases. Rapid delivery of 


H Goldroar.S. L.. R. N. Nagel. and K. PreissMgi/e Compehtorsand Virtual Ureanizations \ 
hold. New York. 1995. p. >S. 

In support of the agility tem ralher than agile manufacturing, it is interest to note the 
corporated lo promulgate the agility movement thruughout U.& industry was initially catled 
facturing Enterprise Forum/’This namc was uliimately officially abbrevialed to "Agility Foru. 




Chap. 27 / Lean Production and Agile Manufacturing 


the product. support throughout the product iife.and high quality are attributes ex- 
pected by the customer of the product and of the conipany that manufacturcd the 
product. Quality is no longer the basis of competition that it was in the 1970s and 
1980s. Today \ products are likely to have an inereased information con tent. 

• lncreasing societal pressar«—Modern companies are expected to be responsive to 
social issues. including workforce iraining and education. legal pressures, environ- 
mcntal impacl issues. gender issues, and civil rights issues. 

Modem Orms are dealing with these market forces by becoming agile. Agility is a 
strategy for profiting from rapidly changing and continually fragmenting global markets for 
customized products and services. Becoming agile is certainly not the oniy objective of the 
firm.Thcre are important other objectivcs, such as mak ing a profit and surviving into the 
fulure. Howevcr. becoming more agile is emirely compatible with these other objectives. 
Indeed, becoming agile represents a working strategy for company survival and fut ure 
profitability. 

How coes a company beeome more agile? Two important approaches are: (1) to re- 
organize the company's production systems to make them more agile and (2) to manage 
relationships differently and value the knowledge that exists in the organization. Let us 
examine each of these approaches in a company’s operations as it seeks to beeome an agile 
manufacturing firm. 

27.2.2 Reorganizing the Production System for Agility 

Companies seeking to be agile must organize their production operations differently than 
the traditional organization. Let us discuss the changes in three basic areas: (1) product 
design, (2) marketing,and (3) production operations. 

Product Design. Reorganizing production for agility includes issues related to 
product design. As we have noted previously, decisions made in product design determine 
approximateiy 70% of the manufacturing cost of a product. For a company to be more 
agile, Ihc design engineering depariment must develop products that can be charactcrized 
ns follows: 

• Customizable. Products can bc customized for individual niche markets. In some 
cases, the product must be customizable for individual customers. 

• Upgradeabie. It should be possible for customers who purchased the base model to 
subsequently buy additional options to upgrade the producl. 

■ Reconfigurable. Through modes! changes in design, the product can be altered to 
provide it with unique features. A new model canbe developed from the previous 
model without drastic and time-consuming redesign effort. 

• Design modularity. The product should be designed so that it consists of several 
modules (e.g.. subassemblies) that can be readily assembied to create the finished 
item. In this way, if a module needs to be redesigned, the entire product does not re- 
quire redesign. The other modules can remain the same. 

• Frcquent model changes witiiiii stable market families. Even for products that succeed 
in the marketplacc, the company should nevertheless introduce new versions of the 
product to remain competitive. 
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• Platforms for information and services. Dependingon the type ofproduct offcring. 
it should include some aspect of information and service. Information and service 
might be in the form of an imbedded microprocessor to carry out seemingly intelli¬ 
gent funetions: for example. the capability of a VCR to display instructions on the 
TV screen to guide the viewer through a procedure. Or service by the company in the 
form of a 1 800 telephone number that can be called for un immediate response to 
an important issue troubling the eustomer. 

In addition, the company must achieve rapid, cost-effectivc development of new products, 
and it must have a life cycle design philosophy (the life cycle running from initial concept 
through produetion. distribution, purchase. disposal. and recovery). 

Marketing. A company's design and marketing objcctivcs must be closely linked. 
The best efforts of design may be lost if the marketing plan is flawed. Being an agile mar¬ 
keting company suggests the following objcctives, several of which arc related direetly to 
the preccding product design attributes: 

• Aggressive and proactive product marketing. The sales and marketing funetions of 
the firm should make change happen in the marketplace.The company should be 
the ehangc agent thal introduces the new models and products 

• Cannibalize successful products. The company should introduce new models to re- 
place and obsolete its most successful current models. 

• Frequent nen product introductions. The company should maintain a high rate of new 
product introductions. 

• Life cycle product support. The company must provide support for the product 
throughout its life cycle. 

• Pricing by eustomer value. The price of the product should be established according 
to its value to the eustomer rather than according to its own cost. 

• EJfective niche market competitor. Many companies have become successful by com- 
peting effeetively in niche markets. Using the same basic product platform, the prod¬ 
uct has been reconfigured to provide offerings for different markets. The sneaker 
industry is a good example here. 

Produetion Operations. A sulwianlial impact on the agilitv of the produetion sys¬ 
tem can be achieved by reorganizing factory operations and the procedures and systems 
that support these operations. Objectives in produetion operations and procedures that 
are consistent with an agility strategy are the following: 

• Be a cost-effective, low-volume producer This is accomplished using flexible pro- 
duction systems and low selup times. 

• Be able to product to eustomer order. Producing to eustomer order reduces inven- 
tones of unsdd finished goods. 

• Master mass customization. The agile company is capable of economically produc¬ 
ing a unique product for an individual eustomer. 

• Vsc reconjigurable and reusubte processes, looling, and resources. Hxamples include 
computer numerical control machinc tools, parametric part programming, robots that 
arc reprogrammed for different jobs, programmable logic controllers, mixed-model 
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pro du etion lines, and modular fixlures (fixtures designed with a group technologv 
approach, which typically possess a common base assembly to which are attached 
eomponents that accommodatc the different sizes or styles of work units). 

• Bring customers doser to the production process. Provide systems that enable cus- 
torners to specify or even design their own unique products. As an example, it has 
becoine veiy uouimon in the personal computer market for customers to be able to 
order exaetly the PCconfiguration (monitor size, hard drive, and other options) and 
software that Ihey want. 

• lntegrate business procedures with production. The production system should in- 
clude sales,marketing, ordcr entry, accounts receivable, and other business funetions 
These funetions are included in a computer integrated production planning and Con¬ 
trol system based on manufacturing resource planning (MRP II, Section 26.6). 

• Treat production as a system that extends from suppliers through to customers. The 
company’s own factory is a component in a larger production system that includes sup¬ 
pliers that deliver raw materials and parts to the factory. It also includes the suppli¬ 
ers' suppliers. 

To summarize. some of the important enabling technologies and management prac¬ 
tices to ruorganize the production funetion for agile manufacturing arc listed in Table 27.2. 

27.2.3 Managing Relationships for Agility 

Cooperation should be the business strategy of firsl choice (third principle of agility). The 
general policies and practices that promote cooperation in relationships and, in general,pro¬ 
mote agility in an organization include the following: 

• management philosophy that promotes motivation and support among employees 

• trust-based relationships 

• empowe red work force 

TABLE 27.2 Enabling Technologies and Management Practices for Agile Manufacturing 

Computer numerical control (Chapter 6*1 
Direct numerical control (Chapter 61 
Robotics (Chapter 7) 

Programmable logic controllers (Chapter 8) 

Group technology and cellular manufacturing (Chapter 15) 
Flexible manufacturing systems (Chapter 16) 

CAD/CAM and CIM (Chapter 24) 

Rapid prototyping (Section 24.1) 

Computer-aided process planning (Section 25.2) 

Concurrent engineering (Section 25.3) 

Manufacturing resource planning (Section 26.6) 

Just-in-time production systems (Section 26.71 
Reduced setup and changeover times (Section 26.7.2) 
Shorter product development times to inerease 
responsivenees and flexibility (Chapter 24) 

Production based on orders rather than forecasts 
Lean production ISection 27.1) 


Enabling technologies 


Enabling management 

practices 
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• shared responsibility for success or failurc 

• pervasive entrcpreneunal spirit 

There arc hvo diffcrcni lypes af relaiionships that should be distinguished in the con- 
text of agilily: (1) intemal relationships and (2) relaiionships belvveen the companv and 
othcr organisations. 

Internal Relationships. Internal relationships arc Ihose ihat exist within the firm. 
between coworkcrs and bctween supervisors and subordinates. Relationships inside the 
firm must fce managcd to promote agility. Some of the important objectives include: 
(1) makc the work organization adaptive. (2) provide cross-functional training, (3) en- 
courage rapid partnership formation, and (4) provide effeetive electronic Communications 
capability. 

External relationships. External relationships are those that exist between the 
company and external suppliers.customers, and partners. It is desirable to form and culti- 
vate external relationships for the following reasons: (1) to establish Interactive, proactive 
relationships with customers; (2) to provide rapid identification and certification of sup- 
pliers: (3) to install effeetive electronic Communications and commcrcc eapobility; nnd 
(4) to eneouragc rapid partnership formation for mutua! commercial advantage. 

The fourth reason raises the issue of the Virtual enterprise. A Virtual enterprise (the 
terms Virtual organization and Virtual Corporation are also used) is defined as a tempo- 
rary partnership of independent resources (personnel, assets, and other rcsourccs) intended 
to exploit a temporary market opportunity. Once the market opportunity is passed and 
the objective is achieved. the organization is dissolved. In such a partnership, resources are 
shared among the partners, and benefits (profits) are also shared. Virtual enterprises arc 
sometimes created by competing firms. 

The formation of a Virtual enterprise has the following potential benefits: (1) It may 
provide access to resources and technologies not available in-house, (2) it may provide ac¬ 
cess to new markets and distribution ehanncls. (3) it may reduce product development 
time, and (4) it accelerates technology transfer. Some of the guidelines and potential prob¬ 
lems as social ed with Virtual enterprise are listed in Table 27.3. 

Valuing Knowledge. We must begin discussion of this topic by stating a funda¬ 
mental premise. It is that the people in an organization, their skilis and knowledge and their 


TABLE 27.3 Virtual Enterprises: Guidelines and Problems 

Guidelines ■ Marry well; choose the right partners for good reasons. 

• Play fair win; win opportunity for all concerned. 

• Putyour best people into these relationships. 

■ Define the objectives. 

• Build a common irrfrastructure. 

Problems • Legal issues-protection of intellectual property righis. 

• How to valuate each participants contribution, so profits can be equitably 

• Reljctance of companies to share proprietary information. 

■ Loss of competitive advantage by sharing knowledge. 
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ability to use information effectively and innovatively, are distinguishing characteristics of 
an agile competitor.To whatever extent this premise applies to a given organisation, the skili 
and knowledge base must be encouraged, developed. and exploited for thc good of the or- 
ganization. Some of the important objectives include: (I) open communication and infor¬ 
mation access, (2) openness to learning is pervasive in the organisation, (3) learning and 
knowledge are basic attributes of an organisation s ability to adapt to change, (4) the or- 
ganization provides and encourages continuous education and training for all employees, 
and (S) there is effeetive management of competency inventory, meaning that the organi- 
zation knows and capitalizes on the skilis and knowledge of its employees. 

27.2.4 Agility Versus Mass Production 

Like lean production, agility is often compared ivilh mass production. In this comparison 
we must interpret mass production to include all of the requisites thal made it successful, 
such as the availability of mass markets and the ability to forecast demand for a given prod- 
uct in such mass markets. Our comparison is summarized in Table 27.4. Let us elaborate on 
the items listed in the table. 

In mass production, companies produce large quantities of standardized products. 
The purest form of mass production provides huge volumes of identical products. Over 
the years, the technology of mass production has been refined to allow for minor variations 
in the prodnet (we call it “mixed-model production”). In agile manufacturing, the prod¬ 
ucts are customized.The term used to denote this form of production is mass customiia- 
tion. which means large quantities of products having unique individual features that have 
been specified by and/or customized for their respective customers. Referring to our PO 
model of production in Chapter 2 (Section 2.3), 

Jn mass production, Q is very large. P is very small, and 

in mass customization. P is very large. Q is very Small (in the extreme Q - I). 

where P - product variety (number of models), and Q ~ production quantity (units of 
each model per year). 

Along with the trend toward more customized products. today’s products have short- 
er expected market lives. Mass production was justified by the existence of very large mar¬ 
kets for its mass-produced goods. Mass markets have becorr.e fragmented. resulting in a 
greater level of customization for each market. 

In mass production, products are produced based on sales forecasts. If the forecast is 
wrong, this can sometimes result in large inventories of finished goods that are slow in sell- 


TABLE 27.4 Comparison of Mass Production and Agile Manufacturing 


Mass Production 

Agile Manufacturing 

Standardized products 

Customized products 

Long market life expected 

Short market life expected 

Producetoforecast 

Produce to order 

Low information content 

High information content 

Single time sales 

Continuing relationship 

Pricing by production cost 

Pricing by customer value 
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ing. Agile companies produce lo order: customized products for individual customers. In- 
veutories of finished products are minimized. 

Products today have a higher information content than products of yestcrday.This is 
made possible by computer technology. Think of lhe many products today that operale 
based on integrated circuits. Nearlv all consumer appliances are controlled by IC chips. 
Modem automobiles use engine controllers that are based on microprocessors.The personal 
computermarket relies on the abilily of the customer to be able to telephone an 800 num- 
ber for assistance. The same is true of many appliances that are complicated to operate, for 
example, video cassette recorders (VCRs). Manufacturers of thesc appliances keep adding 
more and more features to gain competitive advantage, further complicating the products. 

Single time sales was the expectation of the merchandiser before agility. The cus¬ 
tomer bought the product and was not expected to be seen again. Today, companies want 
to have continuing relationships with their customers. Automobile companies want their cus- 
tomers to have their new cars serviced at the dealer where the car was purchased. This 
provides continuing service business for the dealer, and when the customer finally decides 
that the time is right to purchase a new car, the first logical place to look for that new car 
is at the same dealer. 

Finallv, pricing of the product is traditionally based on its cost.The manufacturer cal- 
culatesthe costs that went into making the product and adds a markup to delermine the 
price (Example 2.8). But some customers are willing and able to pay more.The product may 
be more valuable to them.especially if il is customized for them.The marketplace allows 
different pricing structuresfor differenl customers. Instead of standard prices for everyone, 
different prices are used, according to the value to the customer. The airline industry is a 
good example of multi-levet pricing structure. Tourists who fly and stay over Saturday night 
pay sometimes one third the airfare of business travelers who travel round trip during the 
same week. Automobiles produced in the same final assembly plant on the same body 
frame can vary in price by two-to-one depending on options and nameplate. In the higher 
education industry, wc have different tuition rates for different students. We use a differ¬ 
ent lexicon for the lower rates than other industries use: We give a discount on the tuition 
price and cal! it a scholarship. 


27.3 COMPARISON OF LEAN AND AGILE 

Lean production and agile manufacturing are sometimes compared. and in this final sec- 
tion we attempt such a comparison. Are lean and agile really different? They certainly use 
different statements of principles. The four principles of lean production are compared 
with the four principles of agility in Table 27.5. We also compare the main features of the 


TABLE Z7.5 Four Principles of Lean Production and Agile Manufacturing 



Lean Production 


Agile Manufacturing 

1. 

Minimize waste 

1. 

Enrich the customer 

2. 

Perfect first-time quality 

2. 

Cooperate to enhance competitiveness 

3. 

Flexible production lines 

3. 

Organize to master change 

4. 

Continuous im pro vement 

4. 

Leverage the impact of people and 
information 
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TABLE 27.6 Comparison of Lean Production and Agile Manufacturing Attributes 


Lean Production 

Agile Manufacturing 

Enhancement of mass production 

Flexible production for product variety 
Focus on factory operations 

Emphasis on supplier management 
Emphasis on efftcient use of resources 

Relies on smooth production schedule 

Break with mass production; emphasis on mass 
customization. 

Greater flexibility for customized products 

Scope is enterprise" wide 

Formation of Virtual enterprises 

Emphasis on thriving in environment marked by 
continuous unpredictable change 

Acknowledges and attempts to be responsive 
to change. 


two systems in Table 27.6. The emphasis in lean seems to be more on technical and oper¬ 
ational issues, whereas agility emphasizes organization and people issues. Lean applies 
mainly to the factory. Agility is broader in scopc, applicablc to the enterprise level and 
even beyond to the formation of Virtual enterprises. One might argue that agility represents 
an evolutionarv ncxt phase of lean production. Certainly the two systems do not compete. 
If anything, agility complcments lean. It extends lean thinking to the entire organization. 
Agility is to lean as manufacturing resource planning is to material requirements planning. 

If there is a difference between these two production paradigms, it is in the area of 
change and change management. Lean tries to minimize change. at least external change. 
It attempts to smooth out the ups and downs in the production Schedule. It attempts to re- 
duce the impact of changeovers on factory operations so that smaller batch sizes and lower 
inventories are feasible. It uses flexible production technology to minimize disruptions 
caused by design changes. By contrast, the philosophy of agility is to embrace change.The 
emphasis is on thriving in an environment marked by continuous and unpredictable change. 
It acknowledges and attempts to be responsive to change, even to be the change agent if 
it leads to compelitive advantage. 

Is this distinetion in the way change seems to be viewed in the two systems a funda¬ 
mental difference? This author would argue that although there may be a difference in 
Viewpoint and perhaps strategy with regard to change, there is no difference in method or 
approach, The capacity of an agile company to adapt to change or to be a change agent de- 
pends on its capabilities to have a flexible production system, to minimize the time and 
cost of changeover, to reduce on-hand inventories of finished products, and lo avoid other 
forms of wasle. These capabilities belong to a lean production system. For a company to 
be agile, it must also be lean. 
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on-Iine search strategies, 
86-87 

steady slate, 85 
Overhead rates, 49-52 


Pacing, assembly line, 521 -522 
Pallet fixtures, 379-380,471, 
472.486,566 

Pallets, 284,291,337.345-346.471 
Pallet izers, 284 

Parallel workstations,554-556 
Parametric programming, 440 
Pareto charts, 668-669 


Pareto priority index, 675 
Part families-, 
defincd,422 
FMS. 461-462,485-486 
group tech nol ogy, 421, 
422-425.434-435 
Part programming: 

APT language, 162-176, 
196-209 

automated system, 66 
NC part programming, 
129-130,145-179 
Partial automation, 620-624 
Parts feeding in automated 
assembly, 604-606 
Parts classilication and coding, 
425-431 
PC. 

see Personal computer 
Personal computers: 

CAD, 762-763 
history. 90, 

numerical control. 133-134 
PLC applications, 275-277 
process control, 101. 

103-105 

transfer lines, 575 
PFA. 

see Production flow analysis 
Plant caparity, 
see Production capacity 
Plant layout: 
defined,2,4-7 
material handling, 287-288 
group technology, 422-424 
manufacturing planning. 

793 

types of, 4-7 
Playback control, 219 
PLC, 

see Programmable logic con¬ 
troller 

Point-to-point control. 
numerical control, 125, 
153-154,156-157,160, 
167-168 
robotics, 219 

Polling (data sampling). 91-92 
Postprocessor, NC, 160-162, 
172-173 

Power-and-free, 306 


P-Q relationships, 3,7,12, 
35-39,470.717 
Pre-assembly, 553 
Precedence constraints, 530 
Precedence diagram, 530 
Precision: 

metrology, 712-713 
numerical control. 185-188 
Probes: 

CMMs, 722-724.727 
machine tools. 735-736 
Process capability, 655-658 
Process capability index. 658 
Process control: 

CAM. 765 
computer, 

see Computer process 
control 

requirements, 90-91 
Process lavout, 4-5,287,288, 
422-424 

Process monitoring: 

CAM. 765 
defined, 96,97 
inspection, 696-697 
tool life in FMS,479 
Process parameter, 66,81-82 
Process planning: 

computer-aided process 
planning. 782-785 
defined.8,775,776-782 
for assemblies, 779-780 
for parts. 776-779 
make or buy decision, 
780-782 

NC part programming. 

see Part programming 
parts cJassification and 
coding, 425 

Process variable, 66,81 -82 
Processes, manufacturing, 
32-33,39,64-65,80.778-779 
Product complexity. 36-38 
Pro duet design: 

computers in, 755-761 
GT applications. 440 
manufacturing support 
systems, 8,753-754 
modularity, 609,838 
parts classtfication and 
coding, 425-431 
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product design for agility, 
X38-839 

product design process. 
755,756 

Taguchi methods, 639-642 
Product layout, 6,287-288 
Product types, 28-31 
Product variety. 3 

assembly lines, 522-523 
hard vs. soft, 4,35 
manufacturing systems, 
385-388 

relationships, 
see P-Q relationships 
Production capacity, 40,43-44 
Production flow analysis, 
431-433 

Production line: 
assembly line, 
see Assembly line 
defined, 391-392 
high production, 6 
transfer line, 
jeeTransfer line 
Production planning and 
control, 8-9,796-799 
Production quantity: 
defined, 3 
FMS, 462,468,486 
GT cell design, 438 
relationships, 
see P-Q relationships 
Production rate: 

assembly lines, 525-527, 
541,542,547,550,554 
automated assembly 
systems, 614-623 
defined, 40-43 
FMS, 490-491, 498-501, 
503-504 

transfer lines, 581,585, 
586-587,592, 

593-594 

Production system, 1-2,7,78 
Program, programming: 

automation element, 66-69 
CM Ms, 726-728 
ladder logic diagrams, 
264-268,272-273 
NC part programming, 
see Part programming 


PLC 

see Prugrammable 
logic controllers 
robotics, 230-239 
Programmable automation, 11 
Programmable logic 
controllers: 

components and operation, 
270-272 

defined, 100,268 
history, 89,269 
numerical control, 133 
programming, 272-275 
transfer lines, 575 
Programmable parts fceder, 

606 

Pul! system, 823 
Pulse counters, 118 
Pulse generators. 118 
Push system, 823 


QC 

see Quality control 
Quality, 633-635,834 
Quality assurance, 632 
Quality control: 
defined, 9,632 
history, 635-636 
in CAM, 765 
inspection, 
see Inspection 
ISO 9000.648-650 
Taguchi methods, 638-648 
total quality management, 
637-638 

traditional versus modem 
views, 635-638 
transfer lines, 574 
Quality engineering, 638-648 
Quality svstem (ISO 9000), 
648-649 

Quality function deployment, 
636,754,767-773 
Quantity, 

see Production quantity 
Queueing models, 487 

R 

Radio frequency 
communication, 301,370 


Radio frequency identification. 
370-371 

Rail-guided vehicles, 283, 
302-303 

Random-order FMS, 468-469 
Randomized storage, 331-332 
Rank order dustering, 442-447 
Ranked positional weights 
method, 538-539 
Rapid prototyping,760 
Reconfigurable manufacturing 
systems, 388 
Reliability: 
availability, 
see Availability 
in transfer lines, 580-586 
quality feature, 633 
Reorder point systems,817 
Repeatability: 

numerical control, 185-188 
robotics, 248-250 
Repositioning efficiency,529 
Repositioning time, 402,414. 

527-529,571-572,580 
Research, manufacturing, 
793-794 

Resolution in metrology,7l3 
Retrieval (variant) CAPP 
systems, 783-784 
Reversc engineering, 731 
Robotics: 

anatomy, 212-217 
applications, 222-230 
FMS, 463-464.475 
defined, 99.211 
engineering analysis, 
240-250 

programming, 230-239 
technology, 212-222 
Robust design, 640,641-642 
Roller conveyor, 303-304 
Route sheets: 

PFA, 432 

shop floor control, 809 
process planning, 776-777 

S 

Safety: 

AGVS, 300,301-302 
reason for automating, 

13-14 
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mon i toring in automation. 
71-72 

monitoring in 
manufacturing systems. 
381 

monitoring in transfer 
lines, 574 

Sampling. 91-92,112-113 
Sampling inspection. 684, 
687-690,704-706 
Scanning, 91-92 
Scatter diagrams in SPC, 672 
Scheduling: 

FMS, 487 

material handling. 287 
shop floor control. 809-810 
Self-guidcd vehicles, 299-300 
Sensors: 

analog-to-digital 
convcrsion, 112. 
defined. 108 

robotics, 222 

types of, 108-110 
Sequence control: 
numerical control, 133 
robotics. 218-219 
transfer lines. 574 
Sequential control, 
see Discrete control 
Sequential funelion charls. 273 
Sequencing. 

see Discrctc control 
Service time. 402.528 
Setup time. 6,410-413,522.815, 
824-826 

Setup time rcduction. 824-826 

Shop floor control: 

components of. 808-811 
defmed, 9,797.808 
factory data col leetion. 
811-814 
in CAM, 765 

in production control, 797 
Simulation: 

discrete-event, 488.759, 

760 

robotics, 238-239 
Simultanccnis engineering, 
see Concurrent engineering 


Single station manufacturing 
systems: 

applications. 404-408 
assembly. 603.604.618-620 
automated, 399-404 
manned, 398-399 
quantitative an alysis, 
409-415 

Soft logic. 275-277 
Software: 

coordinate measuring 
machines. 727-728 
numerical control, 134 
programmable logic 
controllers, 275-277 

SPC. 

see Statistical process control 
Spccialization of labor, 515 
Starving of stations, 518.587 
Statistical process control: 
cause and effeet diagrams. 

636,672,673,674 
check sheets, 669-671.674 
control charts. 635.636. 

658-667.674 
defeet concentration 
diagrams. 671,674 
defined, 654-655 
histograms, 667-668,674 
implementation. 672-677 
Pareto charts. 668-669.674 
process cupability. 655-658 
scatter diagrams, 672.674 
Statistical quality control, 636 
Slereolilhography, 760 
Storage: 

automated, 
see Automated 
storage syslems 
equipment types, 284, 
332-335,336-344 
FMS. 472475,486 
funetion of, 328 
location strategies, 
331-332.348-350 
manufacturing systems. 377 
single station cells, 400, 
401-404 

system perform ance, 
329-331 


Storage buffers: 
assembly lines. 553 
defined. 573 
reasons for, 573 
transfer lines. 573.587-594 
Strategies for automation. 18-20 
Structurcdtext. 275 
Successive approximation 
method. 114 

Supervisory control. 100-101 
Supply chain management. 798 
Surface measuremem, 736-738 
Synchronous transport 
systems. 520 

System Internationale. 715 


Taguchi methods. 638-648 
Takt time. 42-43 
Technological processing 
capability. 39-40 
Timers. 264.265.274 
Tolerances. 640,657-658 
Tolerance time, 521.534 
Total quality management. 
637-638 

Toyota production system, 833 
Transducers, 108.111 
Transfer lines: 

application considerations, 
565 

applications, 575-579 
benefits, 565 
components, 578-579 
control funetions. 574-575 
defined, 565-566.576-577 
flexible transfer line, 469 
history, 576 
quantitative analysis, 
579-594 

storage buffers, 587-584 
workpart transport, 
569-572 

Transfer time. 571 -572,580 
Trunnkm machine. 577 
Turning centers. 404,471,472, 

U 

Unattended operation, 400-404 
Unit load, 288,337,338 



Unit load carrier. 296 
Unit load principle, 288.289. 

' 291 

Unitized production line, 579 
Unitizing equipment, 284 
USA Principle, 17-18 
Utility workers, 383,518 
Ulilization: 

defined. 44-46 
FMS. 491.493.4%, 503-504 
numcrical control, 145 
single station cells, 410. 
412-413 

storage systems. 330 

V 

Variable rate launching. 

546-547 

Variable rouling. 378, '383.384,383 
Variant CAPP, 

see Retrieval CAPP systems 
Vibratory bowl feeders. 605 


Virtnal enterprise. 837.841 
Virtual prototyping. 760-761 
Vision,see Machine vision 

W 

Walking beam transfer. 570 
Welding, 33,226-228 
Work carriers, 379-380,471, 
567, 

Work centeT, 43,52-53 
Work content time, 526 
Work elements, 529-530, 
552-553 
Work cycle: 

assembly, 521-522 
program, 66-69 
robotics, 223 
transfer line, 581 
Woik-in-process: 
cost of, 818-821 
3toragc buffers, 
see Storage buffers 
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Work standards in CAM, 765 
Worker efficiency, 
see Efficiency 

Worker teams in assembly, 523 
, Workholder, 378 
Workstations: 

assembly line, 517-518,533. 
554-556 

FMS, 470-472,488-504 
manufacturing systems, 377 
parallel, in assembly line, 
554-556‘ 

reconfigurable manufacturing 
systems, 388 
single station cells, 
see Single station 
manufacturing cells 


Zero defects,827 
Zoning constraints. 553-554 



